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An essential step towards understanding the biology and development of an 
organism is identifying the molecular fingerprint of its cell types, while to understand 
its evolution, cell type inventories must be obtained and compared across taxa. This 
thesis aims to provide a thorough characterization of the genetic program employed 
in the cell types of a non-chordate deuterostome, the sea urchin. To this end, single 
cell RNA sequencing (scRNA-seq) was used as a tool to recognize the major cell 
types in place during the late embryonic and early larval development of the sea 
urchin Strongylocentrotus purpuratus. The outcome of this thesis was the 
generation of scRNA-seq cell type atlases for the late gastrula and two early pluteus 
larval stages, depicting their specific molecular signatures. Extensive analysis of the 
scRNA-seq data revealed complex regulatory states and novel gene markers. 
Moreover, the scRNA-seq analysis showed that known gene interactions could be 
traced back at a single-cell level and that novel functional domains of known gene 
regulatory modules can be described. In addition, a thorough analysis of the nervous 
system showed signs of increased neuronal complexity and diversity and identified 
pre-neuronal cell types employing a similar genetic program to the one utilized by 
the vertebrate cells that will give rise to the forebrain region. Furthermore, a detailed 
analysis of the early larva cell types led to identifying specific gastrointestinal and 
neuronal larval populations with a pancreatic-like genetic program. Lastly, the data 
presented in this thesis demonstrate that the sea urchin homolog of the master 
regulator Pdx1, which in vertebrates controls endocrine pancreas differentiation, 
has an evolutionary conserved role in promoting secretory fate by regulating the 
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This chapter contains a general introduction of the thesis, introduces fundamental 
concepts necessary for understanding the aims of this thesis, and presents sea 
urchin as an experimental model for studying development and evolution. Moreover, 
it provides information on sea urchin cell type specification and differentiation, gene 

















   P a g e  | 16 
 
1.1. Gene expression  
 
The identity and survival capability of all living forms depend on the genetic 
information (genes) encoded in their genome (DNA) and how this information is 
converted into functional units (RNAs and proteins).  Gene expression is a universal 
and highly regulated process by which the genetic information flows into effector 
products. The first step of this process is the transcription of a gene into RNA 
molecules that can either be coding or non-coding. The main difference is that 
coding RNAs are an intermediate stage necessary to form functional products 
(proteins), whereas non-coding RNAs (ncRNAs) are the functional units themselves. 
Coding RNAs (mRNAs) are used as a substrate to produce peptides or 
polypeptidergic molecules (proteins) through the translation process.   
 
1.2. Embryonic development  
 
Animal embryonic development, or else known as embryogenesis, is a term used 
to describe a series of dynamic processes leading to the formation of an organism 
starting from a single cell. In the case of all sexually reproduced animals, that single 
cell is the fertilized oocyte. However, despite the common origin of embryogenesis 
for such animals, morphologically similar oocytes give rise to different organisms. 
Moreover, within the same organism, the fertilized oocyte gives rise to cell types 
forming diverse tissues, organs, and body parts. The source of this diversity lies in 
differential gene expression. All cells within an organism share the same DNA and 
genes. What differentiates a cell from another is the genes expressed within them, 
and the differential expression is a result of differential gene regulation. Thus 
unraveling the mechanisms that regulate gene expression across cells is crucial for 
understanding their development and evolution. 
 
1.3. Cell type evolution 
 
Multicellularity has evolved as an advantageous feature supporting life, while its 
evolutionary origin remains a mystery. Several evolutionary theories converge that 
all life forms originated from unicellular organisms that, in order to survive had to co-
operate with other unicellular organism resulting in the formation of cell clusters, 
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while several models have been proposed to describe this process (Ratcliff et al. 
2012, Gao et al. 2019, Colizzi et al. 2020, Fisher et al. 2020). A vital aspect of this 
would be the division of labor, through which cells specialize in performing distinct 
tasks while being co-dependent to other cells (Cooper and West 2018). Eventually, 
the high diversification towards a distinct function led to diversification at a gene 
expression level. The possibility of task redistribution to many different cells and cell 
types allowed the first organisms to survive through the changing environment, 
redistribute the energy costs and gave natural selection a diverse substrate for the 
evolutionary process to occur. The resulting multicellular organisms consist of 
specialized cell types, tissues, and organs that guide all aspects of their life cycle. 
Each cell type consists of cells with similar morphological and molecular features 
that can perform distinct tasks. Some of the most common tasks among all animal 
taxa are communication, contraction, secretion, digestion, and movement.  
The presence of cell types performing such similar tasks across animals raises 
questions on how similar these cell types are and whether they have common 
evolutionary origins, questions for which we still do not have the answer. However, 
during the last decade, technological advances that allow a more in-depth than ever 
characterization of cell types might provide us with an answer.   
 
1.4. Gene Regulatory Networks (GRNs) 
 
Gene expression is controlled by genetic elements and gene product interactions at 
a specific time and place, a process known as gene regulation. This process is 
continuous, guiding all aspects of the embryonic development and adult life of all 
organisms, as well as their response to environmental changes (Davidson 2006). At 
the very early stages of embryonic development, gene regulation is mostly 
established through maternally deposited RNA molecules and proteins, ensuring 
that the initial developmental cleavages and specification processes occur in the 
most energy-efficient way. After a few cleavages, zygotic gene expression is 
initiated, taking over this process and resulting in distinct chromatin states and 
spatiotemporal expression profiles of gene products. The main difference between 
the two gene regulatory modes is that maternal gene regulation depends mainly on 
post-transcriptional mechanisms, while zygotic gene regulation uses both 
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transcriptional and post-transcriptional mechanisms (Shen-Orr et al. 2010). 
Regardless of the mode used, both are crucial for embryogenesis and result in 
differential gene expression across cell types. The total genes expressed in a cell 
or cell type and the regulatory mechanisms controlling their expression constitute 
its molecular signature/fingerprint.  
Therefore, to understand how diverse cell types are established as well as their 
function, it is necessary to identify which genes are expressed within them, when 
they are expressed, and which are the genetic elements controlling their expression. 
Such interactions are depicted in Gene Regulatory Networks (GRNs), which are 
hierarchical logical maps of inputs and outputs (Fig. 1.1) encoding for genes active 
in a specific cell or cell type at a given time point (Levine and Davidson 2005). GRNs 
control the establishment and maintenance of a cell type’s identity, and they include 
subsets of genes encoding for transcription factors (TFs), the main drivers of gene 
regulation, signaling molecules (ligands, receptors, and secondary messengers), 
and terminal differentiation genes that reflect the cell type’s role (Levine and 
Davidson 2005). Several GRNs have been already described in various organisms 
spanning from plants to animals (Krouk et al. 2013) and have been used to 
understand the intersection between genome and development (Arnone and 
Davidson 1997).  
The emergence of multicellularity and diversification of cell types is linked to the 
increased complexity of gene regulatory networks (Chen and Rajewsky 2007). 
Therefore, identifying the GRNs operating within cell types across species allows 
cell type comparisons at a regulatory level that can reveal the evolutionary history 
of a given cell type and assist in disentangling its function (Davidson and Erwin 
2006). For instance, such comparisons can reveal whether similar GRNs controlling 
the morphogenesis of one feature are redeployed (co-opted) in new developmental 
contexts (McQueen and Rebeiz 2020).  On the other hand, studying GRN evolution 
can reveal novel GRN modifications at different regulatory levels that can lead to 
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Figure 1.1. Different representations of GRNs. A) GRN visualization in which the 
regulatory region of each gene is represented by a horizontal bar, and the gene’s name is 
written under the bar. If the gene’s output (line with the same color) ends with an arrowhead, 
the transcription factor activates gene expression. If the output ends with a line, the 
transcription factor suppresses gene expression. B) GRN visualization in which regulatory 
genes are represented as yellow dots and target genes as blue circles. Black lines indicate 
an unknown mode of regulation; the green line indicates that a gene act as an activator; red 
lines indicate repression, and grey lines indicate a dual regulatory mode (Saunders and 
McClay 2014, Medeiros Filho et al. 2019). 
 
1.5. Tools to unravel cell type identity  
 
Unraveling the molecular signature and wiring of a cell type is crucial for 
understanding its identity, function, and evolutionary origins. There are different 
levels from which this information can be obtained, spanning from revealing the 
chromatin organization, gene product interactions, regulatory elements topology, 
and the amount of genes expressed in a cell or cell type at a specific time, to 
describing the 3D dimensional organization of protein structures, interactions, and 
functions.  
Extensive effort has been taken on understanding the molecular signature and 
wiring of cell types across taxa. Most of our current knowledge on cell type identity 
comes from traditional molecular biology approaches such as identifying molecular 
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markers (mRNA molecules or proteins present), fate mapping, and gene expression 
perturbation—the ability to perturb gene expression allowed deciphering several 
mechanisms controlling differential gene expression across cell types. Gene 
perturbation can be lead to either silencing the expression of a gene (knocking-down 
or knocking-out) or overexpressing it either in its regular expression domain or 
ectopic ones (knock-in). Recent advances in sequencing, microfluidics, and nucleic 
acid barcoding have allowed the throughput recognition of cell types molecular 
signatures even at a single cell level (Kashima et al. 2020).  
Technologies such as Assay for Transposase-Accessible Chromatin using 
sequencing (ATAC-seq) and the recently developed single cell ATAC sequencing 
(scATAC-seq) have been extensively used to understand which parts of the 
chromatin are active (gene expression is taking place) at a bulk organismal or a 
single cell level respectively (Magri et al. 2019, Baek and Lee 2020).  
Single cell RNA sequencing (scRNA-seq) technology developed during the last 
decade is an innovative method used for unraveling the transcriptional content of 
individual cells, while transcriptionally similar single cells are computationally 
grouped, forming clusters that represent cell types. ScRNA-seq is able to produce 
single cell transcriptomes reflecting the cell to cell transcriptomic variability, which is 
usually hidden by bulk transcriptomic strategies that highlight the average 
expression of genes in a group of cells consisting one or more cell types. Therefore, 
the primary advantage of this method is that it simultaneously produces thousands 
of single cell transcriptomes that can reveal cell type-specific molecular signatures. 
Several scRNA-seq systems have been developed that mainly differ in how the 
mRNA transcripts originating from individual cells are amplified to generate either a 
full-length cDNA or cDNA with a unique molecular identifier (UMI) incorporated at 
either the 5’ or 3‘end (Baran-Gale et al. 2018).  All the single cell RNA sequencing 
technologies rely on the partition of a cell suspension into nanoliter-scaled reactions 
contained in either plates, micro-wells or in water in oil droplets. For instance, 
SMART-seq (Switching Mechanism at 5′ End of RNA Template) is a plate based 
approach that provides full length transcript coverage and is frequently used to 
identify transcript variant isoforms as well as alternative splicing events. On the other 
hand, Drop-seq, InDrop (Indexing Droplets) and 10x Genomics are droplet based 
protocols designed to incorporate UMIs into the cDNA (Baran-Gale et al. 2018).  
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The workflow of all droplet-based technologies includes the dissociation of an 
organism, organ, or tissue into single cells, isolation and encapsulation of the single 
cells into droplets, barcoding of individual mRNAs, reverse transcription followed by 
the amplification of the resulting cDNA and sequence of the constructed cDNA 
library. While Drop-seq, InDrop and 10x Genomics technologies are all based on 
the encapsulation of single cells into water-oil droplets, they differ in how the 
barcoding occurs (Solomon et al. 2019). In detail, the low efficiency Drop-seq 
system is based on the introduction of a solid bead into a water-in-oil droplet, while 
InDrop system droplets contain barcoded hydrogel spheres with cells and reverse 
transcription reagents together allowing the incorporation of the reverse 
transcription regents into the cell and bead at the time of encapsulation. On the other 
hand, 10x Genomics, uses Gel Beads containing barcoded oligonucleotides that are 
combined with the single cells and water in oil on a microfluidic chip to form reaction 
droplets (Gel Beads in Emulsion, or GEMs). Each GEM contains a single cell, a 
single Gel Bead, and the reagents used for reverse transcription. Within each GEM 
droplet, a single cell is lysed, the Gel Bead is dissolved to free the identically 
barcoded reverse transcription oligonucleotides into solution, and reverse 
transcription of polyadenylated mRNA takes place. Once, reverse transcription is 
complete all the cDNAs from a single cell have the same barcode, allowing the 
sequencing reads to be computationally mapped back to their single cells they 
originated from. 
Since the first implementation of scRNA-seq in 2009 used to describe distinct cell 
types during early mouse embryonic development, scRNA-seq has been 
extensively used to characterize cell types in a variety of species and several 
experimental conditions. This technology has been used to identify distinct 
molecular signatures, revealing novel cell types in a variety of taxa ranging from 
insects (Davie et al. 2018, Severo et al. 2018, Cho et al. 2020), cnidarians (Sebe-
Pedros et al. 2018), and sea squirts (Cao et al. 2019, Sharma et al. 2019) to more 
complex ones such as mice (Nestorowa et al. 2016, Jung et al. 2019, Ximerakis et 
al. 2019, Yu et al. 2019, Qi et al. 2020) and even humans (Yu et al. 2019, Esaulova 
et al. 2020, Qi et al. 2020, Zhao et al. 2020). For instance, scRNA-seq of the sea 
anemone Nematostella vectensis led to the identification of pharyngeal cells that 
give rise to both neurons and digestive cells (Steinmetz et al., 2017), as well as to 
shared molecular fingerprints between neuronal and secretory gland cells in 
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cnidarians (Sebe-Pedros et al. 2018). Moreover, single cell RNA-sequencing 
technology has been sufficient to describe time-sensitive and complex processes 
such as cell type specification and differentiation leading in many cases to the 
successful lineage tracing of complex cell types to their progenitor cells by 
reconstructing developmental trajectories (Wagner et al 2018, Cao et al. 2019, Cho 
et al. 2020). 
Lastly, scRNA-seq has been recently used to perform comparative cross-species 
studies which led to the identification of similar cell types across taxa. For instance 
comparative scRNA-seq approaches have identified a shared molecular signature 
between several human and mouse bladder cell types, while at the same time 
recognizing two novel human bladder cell types (Yu et al. 2019).    
1.6. Sea urchin as a model to study development and evolution 
 
Sea urchins are marine invertebrates, and the embryonic development of most sea 
urchin species is indirect, producing an intermediate life stage, the larva. The free-
swimming and feeding sea urchin larva spends several months in the water column 
and will metamorphose to the sea urchin juvenile in the final stage of development. 
The transition of the larval to the adult life cycle is dramatic and accompanied by a 
change of body plan symmetry from bilateral to radial (Ruppert et al. 2004). Sea 
urchins together with sea stars, sea cucumbers, sea lilies, and brittle stars form the 
phylum Echinodermata (Fig. 1.2). 
 
Figure 1.2. Representative members of the echinoderm clade. Figure adapted from 
Echinobase (https://new.echinobase.org).  
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Due to their phylogenetic position as an early branching non-chordate 
deuterostome, echinoderms are an ideal model to study the evolution of different 
cell types among deuterostomes. Apart from evolutionary studies, sea urchins and 
especially sea urchin embryos, have been extensively used to describe fundamental 
cellular and developmental biology concepts such as cell division, cell migration, cell 
specification/differentiation, and gastrulation throughout embryonic and larval 
development. 
In detail,  sea urchin has been one of the first model systems used in developmental 
biology starting from 1847 when Derbes, Dufosse, and von Baer took advantage of 
the sea urchin embryos’ transparency to observe the fertilization process (Briggs 
and Wessel 2006). From that point and onwards, many scientific breakthroughs 
followed, with some of the most important as summarized by Ernst (2011) being:  
 The fertilization of an oocyte by only one sperm cell. 
 The observation that chromosomes contain the genetic information about 
different traits. 
 The discovery of DNA localization in chromosomes residing in the nucleus 
and that RNA resides in the cytoplasm.  
 The first correlation between RNA and protein synthesis. 
 The finding that maternal mRNAs are placed into the egg during oogenesis. 
Almost 200 years after those breakthroughs, sea urchins are still a powerful model 
system to study fundamental developmental processes such as cell type 
specification and differentiation because of the many advantages they have, some 
of which are mentioned below.  
Different sea urchin species are widely spread across the seas worldwide, and the 
collection of adult individuals is relatively easy. Adult male and female individuals 
can produce millions of gametes (oocytes and sperm) that they release in the water 
column, where fertilization occurs (external mode of fertilization). Such a high 
number of gametes leads to an equally high number of fast and synchronous 
developing embryos and larvae, thus a high amount of experimental material.  
An important factor promoting the establishment of sea urchin embryos as a 
developmental biology model system is the ease with which molecules can be 
introduced into sea urchin embryos via microinjection (Cheers and Ettensohn 2004).  
Examples of this are the microinjection of morpholino antisense oligonucleotides to 
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silence genes, synthetic mRNAs and proteins resulting in overexpression, and cis-
regulatory modules to decipher regulatory mechanisms (Flytzanis et al. 1985, 
Arnone et al. 2004, Materna 2017).  As of recently, gene editing is also possible by 
implementing the Crispr/Cas9 editing system that allows the knock-in/out of genes 
(Lin and Su 2016, Oulhen and Wessel 2016, Lin et al. 2019, Liu et al. 2019, Wessel 
et al. 2020, Yaguchi et al. 2020). 
A reason for the extensive use of sea urchins as a model for evolutionary studies is 
the simplicity of their genome compared to vertebrates. For instance, the genome 
of the sea urchin Strongylocentrotus purpuratus contains around 23,000 genes (Sea 
Urchin Genome Sequencing et al. 2006), a number comparable to the 
approximately 15,682 and 24,000 genes encoded in the Drosophila melanogaster 
and human genomes respectively (International Human Genome Sequencing et al. 
2004, Hoskins et al. 2015). The main difference lies in the fact that the echinoderm 
and vertebrate lineages branched out before large scale genome duplication events. 
This means that many of the genes found as multiple paralogues in vertebrates 
correspond to a single sea urchin homolog, enabling the study of complex 
developmental processes and regulatory interactions on an organism that bares 
single gene copies. Moreover, several sea urchin species genomes have already 
been sequenced offering the possibility of performing microevolutionary genetic 
comparisons, thus leading to the discovery of novel gene regulatory wirings and 
further understanding the origins of novel cell types (Kinjo et al. 2018, Davidson et 
al. 2020).     
 
1.7. Sea urchin embryonic and larval development  
 
Sea urchins are gonochoristic animals that reproduce sexually via releasing female 
and male gametes into the water column, leaving reproduction to chance. Once 
fertilization occurs, a fertilization envelop is formed, inhibiting further fertilization by 
more than one sperm cell. From this point and onwards, the embryonic development 
is initiated, and the zygote goes through a series of rapid cleavages giving rise to a 
ciliated blastula. At this developmental stage, the embryo consists of a monolayered 
epithelium forming an empty sphere (blastocoel).  
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The formation of the first opening of the future digestive tract at the center of the 
vegetal plate, the blastopore, marks the beginning of gastrulation. Once the 
blastopore is formed, the forming archenteron elongates within the blastocoel 
towards the anterior domain. As soon as the archenteron is fully elongated, several 
morphogenetic processes take place. Cells located at the tip of the archenteron 
migrate to both sides of the anterior domain of the archenteron forming two 
bilaterally symmetric coelomic pouches, while another population of cells located at 
the same area interacts with the neighboring oral ectoderm cells (stomodeum) to 
form the second opening of the digestive tract; the mouth. Once the mouth opening 
is formed, embryogenesis is concluded, and larval development begins. At this 
stage, the larva is equipped with a ventrally positioned ciliary band, and its body 
shape changes into a cone-shaped echinopluteus, while additional ciliated 
structures, the larval arms, are formed in the oral and aboral edges of the ciliary 
band. The arms are supported by endogenous calcite rods and are involved in 
capturing phytoplankton via creating a larger ciliated surface that can create 
additional water flow directed towards the larva’s mouth. The free-swimming and 
feeding larva’s digestive tract is compartmentalized into distinct domains due to the 
formation of sphincter structures (esophagus, stomach, intestine) and equipped with 
a musculature that regulated the feeding process. As development goes on, the 
ciliary band is restricted to structures resembling literal bands of cells, more arms 
are formed, and the sea urchin rudiment starts to develop on the left side of the 
larva. Upon induction by environmental cues, competent larvae with a fully 
developed rudiment settle and undergo metamorphosis. Sea urchin development is 
a relatively fast process, the timing of which varies across sea urchin species, but 
in all cases is concluded within several months. In the sea urchin S. purpuratus, 
embryogenesis is a three-day process followed by three months of larval 
development, and an overview of the life-cycle is presented in Figure 1.3.  
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Figure 1.3. Sea urchin’s life-cycle. Schematic representation of sea urchin embryonic and 
larval development starting from the fertilized egg until the adult sea urchin (Figure from 
Adams et al. 2019).    
 
1.8. Sea urchin cell type specification  
 
Sea urchin is a triploblastic organism, and the specific cells that constitute the three 
germ layers (mesoderm, ectoderm, and endoderm) are specified by the 4th cleavage 
(16 cell stage), with the animal pole cells giving rise to ectoderm and the vegetal 
pole cells to endomesoderm (Gilbert and Barresi 2018). The cell type specification 
process has been studied in great detail, starting from the zygote until the early 
pluteus stage, a developmental stage in which embryonic development is 
completed, and the larval lifestyle begins. The initial steps of embryonic 
development rely on maternal inputs (RNAs and proteins) deposited in the egg that 
guide early development until the zygotic expression is initiated, approximately after 
the 10th cleavage (mid-blastula stage) (Kipryushina and Yakovlev 2020). In most 
cases described so far, silencing the expression of such maternal factors has a 
severe effect on embryogenesis, highlighting how fragile the early embryonic 
developmental program is (Range and Lepage 2011, Yaguchi et al. 2018, Tsironis 
et al. 2021). These maternal inputs are necessary to kick-start the various gene 
regulatory networks and subsequent cell specification and differentiation cascades. 
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Events resulting in body plan asymmetry and establishing the embryonic and larval 
axes coincide as cell type specification. One of the earliest events during early 
embryogenesis is the formation of the small micromeres during the 4th cleavage, a 
set-aside cell population, smaller in size than the rest of the embryonic cells, 
resulting in an asymmetry at the vegetal pole. This population that remains dormant 
until the late gastrula stage and later starts to proliferate and migrate to the coelomic 
pouches of the larva has been long hypothesized to be involved in the germline and 
juvenile sea urchin formation (Pehrson and Cohen 1986, Juliano et al. 2010, Yajima 
and Wessel 2011). At the same developmental stage, the primary anterior/posterior 
axis is being established due to Wnt signaling being activated at the vegetal pole of 
the embryo. Wnt signaling activity results in an uneven distribution of b-catenin in 
this domain’s most posterior cells and gives rise to the endomesoderm germ layers 
(Wikramanayake et al. 1998, Logan et al. 1999). An immediate result of this 
signaling activity is the establishment of the anterior/posterior axis, in which the most 
posterior part is fated to give rise to endomesoderm and the most anterior part to 
ectodermally derived cell types (Fig. 1.5). Moreover, Wnt signaling is involved in the 
spatial restriction of one of the embryo’s neurogenic domains; the anterior 
neuroectoderm (ANE). The mechanism through which Wnt signaling exhibits this 
role includes the repression of neurogenic transcription factors in all other embryonic 
domains except the anterior neuroectoderm, a region in which opposing signals 
prevent Wnt signaling from being active (Range et al. 2013, Yaguchi et al. 2016, 
Range and Wei 2017, Martinez-Bartolome and Range 2019).  
 
Figure 1.4. Establishment of anterior/posterior axis. Wnt signaling mediated 
specification of vegetal pole and restriction of ANE. (Figure adapted from Range et al. 
2013). 
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The next embryonic axis to be specified is the ventral/dorsal or oral/aboral axis. 
Maternal inputs and uneven distribution of mitochondria in the zygote initiate this 
process, leading to differential expression of several Tgf-β family members, whose 
gene products and induced signalings are active in different embryonic domains. 
During cleavages, one embryonic domain inherits a higher amount of mitochondria 
and is specified as ventral ectoderm (Coffman et al. 2004). The first morphological 
evidence of bilateral symmetry resulting from the establishment of the ventral/dorsal 
axis is the even distribution of two clusters of Primary Mesenchyme Cells (PMCs), 
the skeletogenic cells of the embryo, next to the archenteron at the gastrula stage. 
On the other hand, the first molecular evidence has been detected much earlier at 
the 60-cells stage embryo. At this stage, the Tgf-β family ligand Nodal starts to be 
expressed due to the mitochondria asymmetry, activating the ventral ectoderm gene 
regulatory network (Duboc et al. 2004). 
On the other hand, Nodal also activates the expression of the Tgf-β family members 
Lefty, Bmp2/4, and Chordin, which are responsible for the establishment of distinct 
domains along the ventral/dorsal axis (Duboc et al. 2004, Lapraz et al. 2009, Duboc 
et al. 2010, Saudemont et al. 2010, Lapraz et al. 2015). For instance, Bmp2/4 protein 
is active in the ectodermal domain fated to give rise to dorsal ectoderm. In contrast, 
Lefty and Chordin proteins are responsible for inhibiting Nodal and Bmp2/4 
signalings respectively from being active in the ectodermal domain that is fated to 
give rise to the ciliary band, through antagonizing Nodal’s and Bmp2/4’s binding to 
their receptors, respectively (Duboc et al. 2004, Duboc et al. 2008, Saudemont et 
al. 2010).  The establishment of both anterior/posterior and ventral/dorsal axes also 
result in the restriction of the neurogenic capacity of the embryo to three neurogenic 
regions of the embryo, the anterior neuroectoderm (ANE), the ciliary band (CB), and 
the neurogenic part of the endoderm (Angerer et al. 2011).  
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Figure 1.5. Establishment of ventral/dorsal axis. Schematic representation of the Tgf-β 
family signalings involved in establishing the ventral/dorsal axis. A, anterior; D, dorsal; P, 
posterior; V, ventral. (Figure adapted from Angerer et al. 2011) 
 
 
1.9. Sea urchin cell type differentiation 
 
By the gastrula stage, most sea urchin cell types have already been specified, and 
differentiation occurs. The differentiation process is continuous and leads to the 
formation of a planktonic pluteus larva equipped with the necessary machinery to 
feed and grow until the sea urchin rudiment is well-formed and metamorphosis 
begins. Thanks to extensive traditional experimental work and lineage tracing 
experiments, most of the embryonic cell types and their origins have been identified 
and mapped onto distinct domains (Fig. 1.6). Within the developmental window of 2 
to 3-days post-fertilization, differentiation of significant cell types occurs, most of 
which are involved in the feeding process and immune defense. 
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Figure 1.6. Cell type specification and differentiation. Schematic representation 
depicting the developmental origins of the larval cell types. PGCs, Primordial germ cells. 
(Figure adapted from Martik et al. 2016). 
 
 
1.9.1. Derivatives from the endoderm 
 
Morphological and molecular studies have identified distinct endodermal precursors 
that differentiate to various cell types by the pluteus stage, and the GRN controlling 
this process has been reconstructed to a great level (Annunziata and Arnone 2014). 
The archenteron of a gastrula morphologically resembles a straight tube open on 
one side (blastopore) that develops into a tripartite gut by the pluteus stage. The 
most anterior part is the foregut, the most posterior the hindgut, and the one in 
between the midgut. These three different domains give rise to specific cell types 
that form the pluteus’ digestive tract. Foregut consists of a diverse pool of 
precursors. Molecular studies have identified specific foregut progenitors 
expressing the neurogenic transcription factors Brn1/2/4, Six3, and Nkx3.2 (Cole 
and Arnone 2009, Wei et al. 2011). These neuronal precursors give rise to two 
differentiated neuronal populations placed near the larva’s mouth (Wei et al. 2011, 
Wood et al. 2018). Most of the remaining foregut precursors contribute to the 
esophagus formation, whereas those at the very tip interact with ectodermal cells to 
form the larva’s mouth. On the other hand, endodermal cells placed at the foregut 
and midgut border differentiate to form one of the two sphincter cells; the cardiac 
sphincter (Andrikou et al. 2013). These cells control the water flow that contains 
food from the mouth and the esophagus to the rest of the digestive system.  
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The midgut domain is destined to differentiate into the larva’s stomach and complex 
cell types involved in food digestion, and the molecular fingerprint of most midgut 
precursors includes the expression of Endo16, ManrC1A, and Chip (Annunziata et 
al. 2014). A small population of two bilaterally symmetric cells located in the anterior 
part of the midgut gives rise to a unique digestive domain referred to as exocrine 
pancreas-like cells (Annunziata et al. 2014, Perillo et al. 2016). These cells express 
genes encoding for the transcription factors Hnf1a and Ptf1a and enzymes involved 
in food digestion such as carboxypeptidases, lipases, and amylases and have a 
genetic program similar to the vertebrate pancreatic acinar cells (Perillo et al. 2016). 
Cells at the border of midgut and hindgut domains that express the transcription 
factors Pdx1 and Nkx6.1 differentiate at the pluteus stage into another type of 
sphincter cells; the pyloric sphincter (Cole et al. 2009, Israel et al. 2016). The pyloric 
sphincter controls the digested food flow from the stomach to the digestive system’s 
final components, where the non-digested parts are discarded.  
The hindgut is a diverse endodermal domain that contains precursors that give rise 
to various cell subtypes. Much evidence suggests that the hindgut already at the 
gastrula stage consists of at least two different subdomains. The largest part of the 
hindgut consists of Pdx1, Cdx, FoxI, and FoxD positive cells, whereas cells residing 
close to the blastopore express the specific markers Wnt10, Cdx, Bra, and 
Hox11/13b (Annunziata et al. 2014). The cells that compose the first hindgut domain 
form the intestine of the larva, whereas the second one differentiates to form the last 
part of the digestive tract, the anus. Recent studies showed that at a late pluteus 
stage, the posterior gut domain deriving from the hindgut also supports 
neurogenesis and the formation of nitric oxide producing neurons (Yaguchi and 
Yaguchi 2019).  
 
1.9.2. Derivatives from the mesoderm 
 
Mesodermal diversification is one of the earliest events taking place during the 5th 
embryonic cleavage. At this stage, two mesodermal domains branch out; the 
skeletogenic mesoderm (SM) and the non-skeletogenic mesoderm (NSM). 
Skeletogenic mesoderm is a relatively uniform cell type consisting of PMCs, 
whereas NSM consists of a pool of various precursors destined to form different 
types (Sethi et al. 2009, Sharma and Ettensohn 2011). Notably, the mechanisms 
and gene regulatory cascades taking place during SM specification and 
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differentiation into specific skeletal populations have been identified at a gene 
regulatory level (Shashikant et al. 2018).  
At gastrula stage, PMCs are distributed in a symmetrical pattern bilaterally to the 
archenteron and arranged in a semicircular way across the dorsal ectoderm. PMCs 
extend filopodial protrusions, congregate and fuse to form a syncytium (Hodor and 
Ettensohn 1998, Sethi et al. 2009, Sharma and Ettensohn 2011). The spatial 
organization of the syncytium is controlled by ectodermal cues, including the Vegf 
and Fgf signalings that ensure the correct spatial location of the magnesium calcite 
skeletal rods (Guss and Ettensohn 1997, McIntyre et al. 2014).  
Non-skeletogenic mesodermal precursors that give rise to diverse cell types are 
already in place at the gastrula stage, and they are among the first cell types to enter 
the blastocoel during gastrulation (Andrikou et al. 2013). Once gastrulation is 
initiated, NSM cells are entering the blastocoel attached to endodermal cells. As 
gastrulation continues, NSM progenitors remain attached to the forming foregut’s tip 
until this process is concluded. Small micromeres are members of this group of 
diverse cells as revealed and express the specific markers Vasa, Nanos, and Seawi 
(Juliano et al. 2006, Yajima et al. 2014). Small micromeres stay dormant, and in the 
developmental window from gastrula to pluteus stage, start to proliferate. Then they 
migrate, and along with ectodermal tissues, they constitute the coelomic pouches 
of the larva. The left coelomic pouch develops into the rudiment, harboring the 
growing juvenile sea urchin.  
Another NSM derivative is the group of blastocoelar cells and is among the first NSM 
cells to migrate from the tip of the foregut to pattern the blastocoelar space. 
Blastocoelar cells form networks of interconnected filopodial cells and are believed 
to be involved in the larva’s immune response (Ho et al. 2017). The NSM pool of 
cells contains two additional immune system cell types; the globular and the pigment 
cells. Globular cells are spherical shaped cells first identified by the expression of 
the perforin-like enzyme MacpfA2 (Ho et al. 2017). They are scattered throughout 
the blastocoel, and they have a surveillance role (Ho et al. 2017). Pigment cells are 
red/orange cells scattered throughout the larval ectoderm, especially in the aboral 
ectoderm layer. The pigment they contain is a naphthoquinone called echinochrome 
and is accumulated in pigment cell precursors during gastrulation. Upon infection, 
pigment cells migrate from the ectoderm to the blastocoel and initiate an immune 
response upon communication with other cell types (Ho et al. 2017). Gene 
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perturbations that affect the pigmentation pathway lead to albinism and animals with 
reduced response to environmental changes (Wessel et al. 2020).   
Specified muscle progenitors are found at gastrula stage, and at the pluteus stage, 
they differentiate to form circumesophageal apparatus (Andrikou et al. 2013). 
Esophageal muscle fibers are patterning the esophagus and the digestive tract's 
sphincters, ensuring the rhythmical contraction and flow of water containing 
phytoplankton (Annunziata et al. 2014, Yaguchi et al. 2017). Disruption of the 
musculature formation leads to larvae that are unable to feed, and eventually, they 
perish.     
 
1.9.3. Derivatives from the ectoderm 
 
Ectodermally derived progenitors differentiate towards mostly epithelial tissues and 
neurons constituting the larva’s nervous system. At gastrula stage, the oral 
ectoderm domain, also known as stomodeum, is an epithelial tissue placed in the 
ventral region where the mouth will form, and the molecular signature of the 
stomodeum includes the transcription factors FoxA, Gsc, and Bra (Saudemont et al. 
2010). During mouth formation and opening at approximately 3 dpf, stomodeum and 
foregut cells collaborate and intermingle to ensure the invagination of the foregut 
into the stomodeum domain and opening of the mouth. On the dorsal side, close to 
the blastopore, aboral ectoderm epithelial cells reside. At larval stages, this domain 
elongates to form a cone-shaped structure. The role of these cells remains 
unknown, although they seem to participate in immune response as they are 
harboring several immune cell types.  
Almost the entire body of the developing embryo and larva is covered by ciliated 
epithelial cells that allow the animal to move. During the pluteus stages, many 
ciliated cells arrange in bands forming the ciliary band of the larva, while several 
genes have been found to regulate this process, including the transcription factors 
Hnf6, Dri, and FoxG. (Barsi et al. 2015).  
One major ectodermally derived cell type is the anterior neuroectoderm placed in 
the most apical and dorsal part of the embryo. At gastrula stage, ANE is a thickened 
epithelium containing ciliated cells with longer cilia than the ciliary band constituting 
the apical tuft. At pluteus stage, the morphology of ANE changes into a plate-like 
structure (apical plate) that contains the larva’s chemosensory center (apical organ) 
and several neuronal cell types (Marlow et al. 2014).  
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The ciliary band and apical plate together are the two major neurogenic regions of 
the larva. Apical plate and predominantly apical organ neurons, as well as the ciliary 
band neurons, are considered the central and peripheral nervous systems of the 
larva, respectively, and their interconnection guides every aspect of the larva’s life 
(Burke 1978, Bisgrove and Burke 1987, Burke et al. 2006, Hinman and Burke 2018).  
 
1.10. Sea urchin nervous system organization 
  
The first neurons of the sea urchin embryo arise at the gastrula stage. The pre-larval 
nervous system consists of mostly non-differentiated neuronal precursors scattered 
across the forming ciliary band and ANE as well as of endodermally derived foregut 
neuronal precursors. ANE gives rise to the apical organ (AO), a thickened 
neuroepithelium placed in the most anterior part of the larva that is considered to be 
the central nervous system of the larva. This centralization theory is based on 
several observations such as the expression of a subset of genes whose vertebrate 
homologs are wiring the forebrain region, the utilization of similar specification 
mechanisms  (Wei et al. 2009, Range 2014), and the directionality of the axonal 
projections from the ciliary band neurons towards the apical organ (Burke et al. 
2014). At gastrula stage, only two differentiated neuronal types have been described 
so far; the sensory serotonergic neurons in the ANE region and two cells in the oral 
ectoderm that differentiate into neurons patterning the post-oral arms of the larva 
(Angerer et al. 2011, Garner et al. 2016).  
Nonetheless, the differentiation cascade of these neuronal types has been studied 
in great detail, and it has been demonstrated that all neuronal precursors identified 
so far go through a similar stepwise differentiation process. Interestingly, lateral 
inhibition mediated by Delta/Notch signaling, known to be a defining step in the 
neurogenic mechanism across taxa (Lasky and Wu 2005), has also been found to 
be active during sea urchin neurogenesis (Mellott et al. 2017). For all described 
neuronal types so far, the next step of the cascade includes a transient expression 
of the transcription factor SoxC followed by the expression of the transcription factor 
Brn1/2/4. After this crucial step, their differentiation mechanisms diversify, and the 
neuronal precursors express distinct regulator programs (Garner et al. 2016). 
The nervous system of the early pluteus larva consists of 40-50 neurons patterning 
distinct domains of the larva that correspond to the three neurogenic domains 
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mentioned above (Wei et al. 2016). Traditionally, the classification of the neurons is 
based on the analysis of the neurotransmitters they produce, such as 
catecholamines (dopamine, adrenalin, and noradrenalin), indolamines (serotonin), 
and amino acids (histamine, acetylcholine, and GABA) (reviewed in D’Aniello et al. 
2020). Such analyses identified serotonergic neurons in the apical organ,  
dopaminergic post-oral neurons, and cholinergic ciliary band neurons (Katow et al. 
2010, Adams et al. 2011, Wei et al. 2016, Slota and McClay 2018).  
A recent study revealed that the nervous system of the early pluteus larva is far 
more complex than previously believed. The authors of this study re-established the 
traditional classification by taking into account another class of neuromodulators: 
the neuropeptides. Neuropeptides are secreted signaling molecules engaged in 
many physiological functions of the nervous system in most metazoans that function 
through specific G-protein coupled receptors (GPCRs) to control neuronal 
regulation, physiological and behavioral processes (Elphick et al. 2018, Jekely et al. 
2018). Thorough characterization of the expression patterns of such neuropeptides, 
combined with co-expression analyses of known neurotransmitters and neuronal 
markers, revealed the presence of seven differentiated neuronal populations the 
early pluteus larva. In detail, one neuronal population was found to be present in the 
apical plate, one distally and close to it, two adjacent to the larva’s mouth, one in the 
stomach region, one in the post-oral arms, and one laterally to the ciliary band 
(Wood et al. 2018).   
Although much effort has been taken to unravel the neuronal types that pattern the 
pre-larval and early larval nervous system, little is known about their function. 
Numerous studies have identified the roles of several biogenic amines in the control 
of movement and growth, with serotonin, dopamine, acetylcholine, adrenalin, and 
noradrenaline to be involved in regulating the ciliary beating (reviewed in Marinkovic 
et al. 2020). Furthermore, Adams and colleagues found an additional role of 
dopaminergic signaling in regulating a phenotypic response of larvae linked to food 
availability. When food is absent, fastened larvae grow longer arms than fed larvae 
and thus larger ciliated surface compared to the one developed by fed larvae in an 
attempt to produce stronger currents and drive water containing food towards their 
mouth. Adams et al. showed that this phenotypic response is related to algae-
induced dopamine signaling inhibiting arm elongation in fed larvae. Finally, the only 
reports on histamine's function come from studies carried out on pre-metamorphic 
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larva in which the authors demonstrated that pharmacological inhibition of histamine 
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Aims and goals  
 
This thesis aims to identify the molecular signature of the major cell types in place 
during S. purpuratus late embryonic and early larval development and to provide a 
thorough characterization of the nervous system. To this end, a scRNA-seq pipeline 
was developed and used to unravel the molecular fingerprint of 2-days post 
fertilization (dpf) late gastrula and two larval stages (3 and 5 dpf). Combining single 
cell transcriptomics with traditional molecular biology techniques, various imaging 
methods, and gene expression perturbation experiments allowed an extensive 
characterization of the cell types and the identification of novel neuronal types.  
 
The main results included in the present PhD thesis are organized in separate 
chapters as listed below:  
Chapter 3 contains the single cell RNA sequencing cell types atlases concerning 
the aforementioned developmental stages, validations of the scRNA-seq 
predictions, and a thorough analysis of several cell types' molecular signature and 
regulatory wiring.  
In Chapter 4, the nervous system diversity and complexity during sea urchin 
development are thoroughly assessed, and novel neuronal and pre-neuronal 
subtypes are described.  
Chapter 5 is about novel neuronal and non-neuronal cell types that share a 
molecular signature similar to the endocrine and exocrine pancreatic cells of 
vertebrates. Their molecular signature, wiring, and function are presented, and a 













Materials and Methods 
 
This chapter contains details on the different materials and methods used for this 
PhD project, spanning from adult/embryo handling, microinjection, and gene 
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2.1. Animal husbandry  
 
Adults Strongylocentrotus purpuratus individuals were collected from the Gulf of 
Santa Catalina, CA, USA by Peter Halmay and distributed by Patrick Leahy 
(Kerckhoff Marine Laboratory, California Institute of Technology, Pasadena, CA, 
USA). Once obtained, the sea urchin individuals were kept in circulating seawater 
aquaria at Stazione Zoologica Anton Dohrn in Naples under the care of Davide 
Caramiello. The seawater temperature inside the aquaria was approximately 14-15 
ºC, which is sufficient to prevent the adult individuals from spawning spontaneously. 
Adult sea urchins were fed with algae, corn, and egg white.  
 
2.2. In vitro fertilization of gametes and culturing of embryos and larvae 
 
Sea urchin female and male individuals do not bare any morphological differences 
that could indicate their sex. The sex can only be determined after spawning 
induction, and gamete release has already begun from the gonopores, with the 
oocytes being yellow/orange and the sperm being white (Fig. 2.1). Spawning was 
induced only by vigorously shaking the animals. After specimen collection, the sea 
urchin individuals were placed back into the seawater containing tank. The eggs 
were collected by placing the female (gonopores and anus) facing down on a glass 
beaker filled with filtered seawater (FSW). The eggs were released in the water 
column and were allowed to settle down by gravity. Dry sperm (concentrated) was 
slowly collected with a glass Pasteur pipette and placed in Eppendorf tubes. The 
collection has to be slow due to the high viscosity of the dry sperm in order to avoid 
the pipette getting clogged and losing material. Both the tube containing the sperm 
and the beaker containing the eggs were placed on ice to preserve them until use. 
The eggs were washed with FSW once and passed through a 100 μm Nitex filter to 
remove coelomic fluid and sea urchin spine pieces. Eggs were fertilized in 20 ml of 
FSW by adding the appropriate amount of activated sperm (sperm diluted in FSW). 
Approximately 2 μl of dry sperm are diluted in 1/1,000 FSW and used to fertilize the 
eggs. This dilution factor ensures successful fertilization with lower risks of 
polyspermy. Since S. purpuratus is a Pacific Ocean native species and that the 
Mediterranean Sea salinity is higher than the Pacific Ocean one, FSW used for 
fertilization and culturing of the embryos and larvae was diluted 9:1 in deionized 
H2O. In case zygotes were needed for microinjection experiments, fertilization was 
   P a g e  | 40 
 
performed in 2 M Para Amino Benzoic Acid (PABA) diluted in FSW to prevent the 
membrane's hardening. The fertilization progress was monitored under a 
stereomicroscope and deemed successful once the vitelline membrane was 
elevated. After fertilization, the zygotes were washed twice with FSW to remove the 
excess sperm. The zygotes were placed at 15 oC and let develop until the 
developmental time-points of interest. All the glassware materials used for 
embryonic and larval cultures were sterile and preserved from any phosphate-




Figure 2.1. S. purpuratus gamete release. A) Male (left) and female (right) S. purpuratus 
individuals. Note that sexual dimorphism is absent and that sex can be determined only by 
the color of the gametes released. B) Collection of eggs in a glass beaker containing FSW. 
See how the eggs are concentrated at the bottom of the beaker due to gravity forces. 
 
2.3. Microinjection of Morpholino oligonucleotides into sea urchin eggs 
 
Microinjection of different constructs is an efficient way of manipulating gene 
expression, and microinjection protocols have been established in various 
organisms, with sea urchin being amongst the most effective. For this study, 
morpholino antisense oligonucleotides (MASOs, hereby also called morpholinos) 
were injected into fertilized S. purpuratus eggs to silence gene expression. Each 
morpholino used has explicitly been designed targeting the genes of interest, and 
their function results in blockage of the translation process. Morpholinos are in vitro 
synthesized molecules around 25-base long that differ from natural nucleic acids, 
and once introduced to a live cell, they hybridize to their RNA target. Unlike nucleic 
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acids made of ribose or deoxyribose, morpholinos are made of methylemorpholine 
(morpholine rings/ that replace those molecules. The presence of morpholine rings, 
alongside the replacement of anionic phosphates of DNA and RNA by 
phosphorodiamidate linkages, leads to a molecule with an uncharged backbone that 
is not recognized by intercellular degradation machinery (enzymes) and thus stable 
to nucleases. Once, injected a translation blocking morpholino hybridizes to its 
mRNA target. The morpholino-mRNA hybrid does not allow the molecular 
machinery to bind and operate, and thus, protein translation initiation is inhibited 
(Fig. 2.2). The remaining mRNA is slowly degrading by the mechanism of the cell. 
 
Figure 2.2. Morpholino’s  mechanism. Schematic representation of mechanism by which 
a translation blocking morpholino functions. The specific MASO recognizes transcribed 
mRNAs corresponding to a gene of interest. Morpholino is hybridized to the mRNA, blocking 
the initiation of translation and knocking down the gene of interest. 
 
Microinjection procedure:  
1. Morpholinos were resuspended in double-distilled H2O (ddH2O) according to 
the manufacturers’ guidelines. Morpholino working solutions of 0.2 mM in 0.2 
M KCl and ddH2O were injected in fertilized eggs. All morpholinos have been 
acquired from Gene Tools (Corvallis, OR). 
2. Morpholino working solutions were preheated for 5 min at 65 oC, filtered using 
0.2 μm filters, and centrifuged for 15 minutes at 5,000g in a microcentrifuge. 
Once the solution passed through the filter, the filter was removed, and 
morpholino working solutions were centrifuged at maximum speed until use. 
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3. Morpholino working solution was transferred into a microinjection needle. 
Microinjection needles were prepared from 1.0 mm outside diameter, 0.75 
mm inside diameter, borosilicate glass supplied by Sutter Instrument Co. 
Novato, CA (No. B100-75-10). Fine-tipped microinjection needles were 
pulled on a Sutter P-97 micropipette puller. 
4. Gamete shedding and gamete collection were performed as described 
above. 
5. A small portion of eggs was fertilized, and the fertilization process was 
monitored under the stereomicroscope. Zygotes were used for microinjection 
only when more than 95% of the eggs were successfully fertilized. 
6. Fertilized eggs were transferred to a 60mm Petri dish coated with 1% agar 
using a fine-tipped glass Pasteur pipette, drawn out of a Bunsen flame, and 
broken off at the end. The pipette diameter must be the same as the diameter 
of the eggs, in this case, 80 μm for S. purpuratus.  
7. Aspiration of the eggs in and out of the glass Pasteur pipette leads to 
dejellyed eggs and thus more permeable eggs.  
8. Dejellyed eggs were placed in a row on a plastic Petri dish coated with 1% 
protamine sulfate. The injection dish was placed on the microinjection set up, 
and 2-3 drops of freshly diluted sperm in PABA containing FSW were added. 
9. The tip of the morpholino containing needle was broken by adjusting the 
micromanipulator of the microinjection set up so that the needle gently 
touches the dish's surface. 
10. Once the tip of the needle is broken, the morpholino working solution starts 
to flow. The flow and thus the amount of solution injected is controlled by the 
microinjection set up. The needle is quickly moved in and out of the zygote, 
releasing 2-4 pl of morpholino solution. The process is repeated until a few 
hundreds of zygotes are injected. The microinjection procedure must start 
immediately after fertilization since, after a few minutes, the fertilization 
membrane hardens and becomes impermeable.     
11. Injected and uninjected zygotes are left to grow at 15 oC.  
 
Details on material preparation for microinjection are mentioned below: 
Coating Petri dishes lids with protamine sulfate: 60 mm Petri dish lids were filled 
with 1% protamine sulfate solution in ddH2O and incubated for 1 minute (min). Then 
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protamine solution was removed, and dishes were thoroughly washed with dH2O 
and left to dry until use. The protamine solution was kept at 4 oC and can be reused 
several times.  
Coating Petri dishes lids with agar: 60 mm Petri dishes were filled with 1% agar 
solution in FSW and left to dry. The 1% agar solution was preheated using a 
microwave allowing the melting of the agar. Agar dishes were kept in a humid 
chamber at 4 oC until use.  
Morpholinos: The MASO against Sp-Pdx1 was already available in the laboratory 
where this PhD project was carried out, whereas Sp-NosA, Sp-NosB, and Sp-An 
were newly designed morpholinos. Further information and sequences of the 
MASOs used are shown in Table 2.1.  
 
2.4. Dissociation of embryos/larvae  
 
For the scRNA-seq experiments, sea urchin embryos and larvae were dissociated 
into single cells (Fig. 2.3) according to the adaptation of several existing protocols 
(McClay 1986, McClay 2004, Juliano et al. 2014). Specimens were collected at 2, 
3, and 5 dpf, concentrated using a 40 μm Nitex mesh filter, and spun down at 500 g 
for 5 min. Seawater was removed, and larvae were resuspended in Ca2+ Mg2+ free 
artificial seawater. Specimens were spun down at 500 g for 5 min and resuspended 
in dissociation buffer containing 1 M glycine and 0.02 M EDTA in Ca2+ Mg2 +free 
artificial seawater. Samples were incubated for 10 min on ice and mixed gently via 
pipette aspiration every 2 min. From that point and onwards, the progress of 
dissociation was monitored and fully dissociated cells were obtained in 
approximately 20 min. Dissociated cells were spun down at 700 g for 5 min and 
washed several times with Ca2+ Mg2+ free artificial seawater. Cell viability was 
assessed using propidium iodide and fluorescein diacetate, and only specimens 
with cell viability ≥ 90% were further processed. Single cells were counted using a 
hemocytometer and diluted according to the manufacturer’s protocol (10x 
Genomics). Throughout this procedure, samples were kept at 4 oC. 
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Figure 2.3. Dissociation of embryos and larvae into single cells. DIC images of 2 dpf 
gastrula, 3 dpf early pluteus, 5 dpf pluteus stages (left), and single cells in suspension 
(right).    
 
2.5. Single cell RNA sequencing library preparation  
 
ScRNA libraries were constructed using the 10x Genomics single-cell capturing 
system, and the Chromium Single Cell 3’ Reagent kits v2 and v3 were used 
according to the manufacturer’s protocol (10x Genomics). The Chromium 10x 
Genomics Single Cell Capturing system results in the sequencing of the 3’ end of 
mRNAs coming from individual cells. GemCode system based on a pool of 
approximately 3,500,000 10x barcodes allows the separate indexing of each cell’s 
transcriptome. The initial step of the process is the generation of GEMs (gel beads 
in the emulsion). GEMs are generated when Single Cell Gel Beads containing 
barcoding primer mix [Illumina True Seq Read1, 16 nt 10x barcode, 12 nt unique 
molecular identifier-UMI and 30 nt poly(dt) sequence], a master mix solution 
containing cells in suspension and partitioning oil are loaded onto a microfluidics 
chamber, the Chromium Chip. The Chip is then placed into the 10x Genomics 
Chromium controller, and GEMs are generated in a process that lasts for 10-17 min. 
Once GEMs are generated, the gel beads dissolve, and the primers are released 
and mixed with the cell lysate and a Master mix solution containing reagents for 
reverse transcription (RT). The sample is collected from the Chip and placed into a 
thermal cycler according to 10x Genomics guidelines. This results in the production 
of barcoded complementary DNA (cDNA) coming from poly-adenylated mRNA.   
Once cDNA is synthesized (first-strand DNA), silane magnets are used to remove 
the RT reagents leftovers. The resulting pure barcoded cDNA is amplified via 
polymerase chain reaction (PCR) to increase cDNA to a sufficient mass for library 
construction. Following rounds of silane magnet-based purification, enzymatic 
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fragmentation of the full-length cDNA is applied. P5 and P7 sample index and 
TrueSeq Read 2 are added to the barcoded cDNA via End Repair, A-tailing, Adaptor 
Ligation, and PCR. The resulting libraries were sequenced by GeneCore (EMBL, 
Heidelberg, Germany) for 75 bp paired-end reads (Illumina NextSeq 500). 
In all steps, before sequencing, the amount, size, and quality of the cDNA were 
estimated from the Bioanalyzer trace (Agilent Bioanalyzer High Sensitivity chip). 
The 10x Genomics Single Cell capturing system was used to construct S. 
purpuratus single-cell libraries from 3 biological replicates of 2dpf gastrula (sp48_1, 
sp48_2, sp48_3), 4 biological replicates of 4dpf early pluteus (sp72_1, sp72_2, 
sp72_3, sp72_4), and 2 biological replicates of the 5dpf pluteus (sp5d_1, sp5d_2). 
Furthermore, in total 4 technical replicates for four of these biological replicates 
(sp48_1a, sp48_2a, and sp72_1a, sp72_2a) were produced to which higher 
sequencing depth was applied.  
 
Figure 2.4. From embryo/larva to single cells. Schematic representation of our single cell 
RNA sequencing pipeline from gamete fertilization to computational analysis. 
 
2.6. Single RNA sequencing analysis 
 
The initial conversion of the BCL read files were converted into FASTQ by Dr. Jacob 
M. Musser, a postdoc from Dr. Arendt’s lab, using Cellranger 3.0.2 (10x Genomics). 
The single-cell data analysis's initial steps were performed by Dr. Danila Voronov, 
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a postdoc from Dr. Maria Ina Arnone lab. These steps included the alignment of the 
single-cell RNA-seq output reads and generation of feature, barcode, and matrices 
(Cellranger 3.0.2) and the construction of the genomic index in Cell Ranger using 
the S. purpuratus genome version 3.1 (Sea Urchin Genome Sequencing et al. 2006, 
Kudtarkar and Cameron 2017). S. purpuratus Genome v3.1 was chosen as the 
reference genome due to it having the most complete annotation at the time of 
analysis and writing. A stringent number of cells per biological/technical replicated 
was chosen based on Knee plots showing the distribution of barcode counts as well 
as which barcodes were inferred to be associated with cells, therefore discriminating 
“cells” from background (Fig. 2.5).  
 
Figure 2.5. Knee plots allowing the discrimination between what is a cell from 
background noise (non-cells). Cells with high UMI counts (left part of the knee) are 
considered as real cells.  
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Cell Ranger output matrices for all biological replicates were used for further 
analysis in Seurat v3.0.2 R package (Stuart et al. 2019). The downstream analysis 
in Seurat was performed by me with the assistance of Dr. Voronov. The analysis 
was performed according to the Seurat scRNA-seq R package documentation 
(Butler et al. 2018, Stuart et al. 2019). First, the barcodes and genes files were 
combined so that each transcript's identity can be retrieved. Genes transcribed in 
less than three cells and cells with less than a minimum of 200 transcribed genes 
were excluded from the analysis. The cutoff number of transcribed genes was 
determined based on feature scatter plots and varies depending on the replicate 
and developmental stage. In detail, based on the violin plots showing the numbers 
of features and RNA counts (Figs. 2.6, 2.7, 2.8) per biological/technical replicate 
and developmental stage, the parameters shown in the Table 2.4 were chosen.  
 
Figure 2.6. Violin plots showing the number of features and RNA counts of the 2 dpf 
libraries. nFeature_RNA represents the number of genes detected in each cell, while 
nCount_RNA shows the total number of molecules detected within a cell (UMIs). Low 
nFeature_RNA indicates either a dead/dying cell or an empty droplet. 




Figure 2.7. Violin plots showing the number of features and RNA counts of the 3 dpf 
libraries. nFeature_RNA represents the number of genes detected in each cell while 
nCount_RNA shows the total number of molecules detected within a cell (UMIs). Low 
nFeature_RNA indicates either a dead/dying cell or an empty droplet. 
 
Figure 2.8. Violin plots showing the number of features and RNA counts of the 5 dpf 
libraries. nFeature_RNA represents the number of genes detected in each cell while 
nCount_RNA shows the total number of molecules detected within a cell (UMIs). Low 
nFeature_RNA indicates either a dead/dying cell or an empty droplet. 
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Datasets were normalized, and variable genes were found using the vst method 
with a maximum of 2000 variable features. Data integration was performed via 
identification of anchors between different objects per developmental stage. Next, 
the datasets were scaled, and principal component (PCA) analysis was performed. 
The gene variability is extracted and brought out by PCA. The Nearest Neighbor 
(SNN) graph was computed with 20 dimensions for 2 and 3 dpf datasets and 36 
dimensions for the 5 dpf dataset (resolution 1.0) to identify the clusters as suggested 
by the Elbow plots shown in Figure 2.9. For combined datasets (2 and 3 dpf), SNN 
graphs were computed with 20 dimensions (Fig. 2.9). Uniform Manifold Approximate 
and Projection (UMAP) was used to perform clustering dimensionality reduction. 
Cluster markers were found using the genes detected in at least 0.01 fraction of min. 
pct cells in the two clusters. Transcripts of all genes per cell type were identified by 
converting a Seurat DotPlot with all these transcripts as features into a table (ggplot2 
3.2.0 R package). Subclustering analysis was performed by selecting a cell type of 
interest and performing a similar analysis as described above. In detail for the 
neuronal and anterior neuroectoderm subclustering analyses coming from the 2 dpf 
datasets, SNN graphs were computed with 3 and 12 dimensions respectively (Fig. 
2.9). Regarding the subclustering of the 3 dpf neuronal, apical plate, skeletal and 
immune cell subclustering analyses, SNN graphs were computed with 11, 13, 5 and 
18 dimensions respectively (Fig. 2.9).  Finally concerning the subclustering of the 
apical plate putative broad cell type coming from the merged 2 and 3 dpf datasets, 
SNN graphs were computed with 20 dimensions (Fig. 2.9). The integration of 
replicates at different developmental time-points was performed similarly to what 
has been described above. All resulting tables containing the genes transcribed 
within different cell types were further annotated, adding PFAM terms (Trapnell et 
al. 2010, Finn et al. 2014) for associated proteins, gene ontology terms, and 
descriptions from Echinobase (Kudtarkar and Cameron 2017). Further details about 
the steps of the computational analysis can be found in the non-book component of 
the thesis in the files named “Sp2dpf_clustering_analysis. Rmd”, 
“Sp3dpf_clustering_analysis. Rmd”, “Sp5dpf_clustering_analysis. Rmd”, 
“Sp2_3dpf_clustering_analysis. Rmd”, “Subclustering analysis. Rmd” R Markdown 
objects.  
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Figure 2.9. Elbow plots showing the standard deviation of the PCAs per dataset. 
Elbow plots alongside with Jackstraw plots (data not shown) were used to identify the 
significant dimensions that were included in the subsequent analysis.   
 
2.7. RNA extraction and cDNA synthesis 
 
Total RNA was extracted from 2, 3, and 5 dpf embryos/larvae using the RNAqueous 
Total RNA Extraction Kit (Thermo Fisher Scientific). A minimum of 500 
embryos/larvae were collected in an Eppendorf tube, centrifuged at 700g (4 oC), 
FSW was removed and replaced with the kit’s lysis solution. Samples were 
homogenized with vortexing for 1 min, and ethanol was added in a ratio of lysate to 
ethanol 2:1. The lysate was loaded onto the kit’s purification column to which only 
the nucleic acids are bound, and the rest of the debris passes through the column. 
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Washing steps were carried out according to manufacturer’s instructions. Nucleic 
acids were eluted and incubated for 30 min with RNAse free DNAse 1 to remove 
the extracted DNA. The extracted RNA was used as a template for Reverse 
Transcription (RT) to generate cDNA. First stranded cDNA was synthesized with the 
SuperScript VILO cDNA synthesis kit according to manufacturers’ instructions. The 
reaction was carried out in a thermal cycler as follows: 25 oC for 10min, 42 oC for 60 
min, 85 oC for 5min. The cDNA was stored at -20 oC until use. 
 
2.8. Embryo/larva fixation 
 
Specimen fixation is one of the most critical steps ensuring the conservation of 
morphological and intercellular structures. Different fixation protocols were followed 
to conserve different structures according to the purpose for which the fixed 
specimens were used.  Independently of which protocol was used, the first step of 
embryo/larva collection is the same. Embryos and larvae of various stages were 
quickly collected and concentrated from the culture beakers using nylon mesh (e.g., 
Nitex) with an opening slightly smaller than the embryos. 
 
2.8.1. Fixation for Immunohistochemistry (IHC) 
 
Specimens used for immunohistochemistry were fixed in 4% PFA in FSW for 15 min 
at RT. Next, the fixation solution was removed, and specimens were washed several 
times with 1x Phosphate buffered saline in 0.1% Tween (PBST). PBST. Depending 
on the protein antigen sensitivity, the 1x PBST washing step was followed by 
incubating the sample in ice-cold methanol for 1 min. Methanol was removed, and 
specimens were washed several times with 1x PBST.  Fixed embryos and larvae 
were kept at 4 oC until use. 
 
2.8.2. Fixation for whole-mount Fluorescent In Situ Hybridization (FISH) 
 
Concentrated embryos/larvae were placed in Eppendorf tubes, spun down at a low 
speed (~500g) for 10 min at 4 oC, and water was discarded. Specimens were 
resuspended in fixative solution containing 4% paraformaldehyde, 0.1M MOPS pH 
7, 0.5M NaCl 0.1%, in nuclease-free water, tubes were gently inverted 2–3 times to 
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mix the embryos/larvae in the fixative solution uniformly. Specimens were incubated 
O/N at 4°C. The day after, specimens were washed with 1x MOPS buffer (0.1M 
MOPS pH7, 0.5M NaCl, 0.1% Tween-20 in nuclease-free water) three times to 
remove all the fixative solution. Samples were gradually dehydrated with increasing 
ethanol solutions (30%, 50%, and 70% ethanol/water or ethanol/MOPS buffer 
solutions). Samples in 70% ethanol can be stored at −20 oC for months. 
 
2.8.3. Fixation for Scanning Electron Microscopy (SEM) 
 
Specimens were fixed in 4% Glutaraldehyde in FSW for a minimum of 1 h at room 
temperature to O/N at 4 oC. Fixative was removed, and samples were gradually 
dehydrated with increasing ethanol solutions (30%, 50% and 70%, 80%, 90% 
ethanol/water) and finally transferred to absolute ethanol. Samples were washed 3 
times in absolute ethanol to ensure the removal of all water molecules. Scanning 
Electron Microscopy preparations are followed, and samples are ready to be 
imaged.   
 
2.9. Riboprobe synthesis  
 
Antisense riboprobes (RNA probes) are chemically labeled RNA molecules that are 
complementary to the specific mRNAs targets for which they have been designed 
against. RNA probes are synthesized by in vitro transcription with DNA-dependent 
RNA polymerases. Labeling of the synthesized RNA probe can occur during the in 
vitro transcription reaction by incorporating labeled ribonucleotides to the newly 
synthesized RNA or post-transcriptionally by using chemicals that label the entire 
RNA probe molecules. The first step towards probe generation is to design the 
primers used to clone the gene of interest. Gene cloning is a molecular biology tool 
used to generate multiple identical copies of a specific DNA piece or gene. In this 
thesis, two different gene cloning techniques were used to isolate and multiply 
several genes of interest to produce sufficient mass to in vitro synthesize antisense 
RNA probes.  
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2.9.1. Gene cloning 
 
One of the gene cloning techniques applied was the traditional DNA cloning of the 
probe into a vector and used when a probe was needed in high amounts or 
frequently used while conducting this PhD work. The advantage of this approach is 
that bacterial stocks containing the plasmid with the insert (gene) of interest can be 
kept at -80 oC for years. To this end, the probe sequence was amplified from cDNA 
isolated from 2, 3, and 5dpf embryos and larvae with PCR, purified with a GenElute 
PCR Clean-Up purification kit (Sigma-Aldrich), and inserted into a vector (plasmid) 
containing the Sp6 and T7 RNA polymerases binding sites. In this study, pGEM®-T 
Easy Vector (Promega) was used as a vector, and the amplified sequence was 
inserted into the plasmid with the T4 DNA ligation enzyme.  T4 DNA Ligase 
catalyzes the formation of phosphodiester bonds between 5'-phosphoryl and 3'-
hydroxyl DNA ends and thus joins both blunt-ended and cohesive-ended DNA 
fragments. In each ligation reaction, the vector to insert ratio was 1:3 and was 
performed according to the manufacturer’s guidelines (Promega).   The DNA ligation 
reaction was incubated at 15 oC overnight (O/N), and a fraction of it was used to 
transform competent bacteria. 
Competent bacteria, prepared by the Molecular Biology and Sequencing service at 
Stazione Zoologica Anton Dohrn, were chemically transformed with the recombinant 
plasmids. Briefly, 4 μl of the DNA ligation reaction (containing plasmid plus insert) 
were added into 50 μl of competent bacteria and left to incubate for 40 min on ice. 
Next, the bacteria-plasmid solution was placed at 42 oC for 90 s and then transferred 
and kept on ice for 2-3 min. This process creates a heat shock that leads to bacterial 
cells incorporating the recombinant plasmids (transformation). Then, the 
transformed bacteria are placed in 1 ml of preheated at 37 oC LB broth (NaCl 10 g/l 
Bacto-tryptone 10 g/l, Bacto-yeast extract 5 g/l) left to incubate at 37 oC for 1 hour, 
plated on LB solid medium (NaCl 10g/l Bacto-tryptone 10 g/l, Bacto-yeast extract 5 
g/l, agar 15 g/l) in the presence of ampicillin (100 mg/ml) and coated with (100 mM) 
IPTG and X-Gal (20 mg/ml). Plated bacteria were let to grow O/N at 37 oC. Whether 
bacteria were successfully transformed by a recombinant plasmid can be easily 
observed by the color of their colonies. Competent bacteria originate from a mutated 
bacterial E. Coli strand that cannot produce a functional β-galactosidase enzyme. 
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On the other hand, the vector contains sequences that code the same enzyme 
placed out of the translational frame when plasmids are successfully recombined. 
Therefore, upon provision of the β-galactosidase substrate (X-gal), bacteria that 
have been transformed by non-recombinant plasmids are able to produce β-
galactosidase, catabolize X-gal and form bacterial colonies that are of blue color, 
whereas the bacteria transformed by recombinant plasmid remain white. This 
selection method, called blue and white screening allows the identification of the 
bacterial colonies transformed by a recombinant plasmid and thus with the plasmid 
containing the gene of interest. Single white colonies are selected and placed into 
3 ml of LB broth and ampicillin and let to grow O/N at 37 oC. A plasmid purification 
kit (Sigma-Aldrich) was used to isolate the plasmid DNA from the cells, according to 
manufacturers’ instructions.  
An alternative, faster method to generate a probe is to design a typical forward 
primer and a reverse primer that contains at the 5’ end the binding sequence for 
Sp6 (5´-ATTTAGGTGACACTATAG-3´) or T7 (5′-TAATACGACTCACTATAG-3′) 
RNA polymerase. The advantage of applying this method is that the first PCR 
product already contains the RNA polymerase binding site and can be used as a 
template for in vitro transcription.   
In both approaches, probe length ranged from 500-2000 bp; the probes' size and 
quality were assessed by running a small portion of each probe on a 1% agarose 
1x TAE gel, and their correct identity was verified using sequencing. The online 
bioinformatics tool Primer 3 (http://bioinfo.ut.ee/primer3/) was used to design 
primers for gene cloning. 
Notes:  
 Detailed information on the primers used to clone genes is presented in Table 
2.2.   
 Probes for Sp-Pdx1, Sp-Cdx, Sp-ManrC1A, Sp-Mhc, Sp-Rhox3, Sp-Ptf1a 
Sp-Fgf9/16/20, Sp-Brn1/2/4, Sp-Ngn, Sp-Isl, Sp-NeuroD1, Sp-Soxb2, Sp-An, 
Sp-Trh, and Sp-Salmfap were produced as previously published [Sp-Pdx1, 
Sp-Cdx (Cole et al. 2009), Sp-ManrC1A (Annunziata et al. 2014), Sp-Mhc 
(Andrikou et al. 2013), Sp-Rhox3(Perillo 2013), Sp-Ptf1a(Perillo et al. 2016),  
Sp-Fgf9/16/20 (Andrikou et al. 2015), Sp-Brn1/2/4 (Cole and Arnone 2009), 
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Sp-Ngn, Sp-Isl, Sp-NeuroD1 (Perillo et al. 2018), Sp-SoxB2 (Anishchenko et 
al. 2018), Sp-An, Sp-Trh, Sp-Salmfap (Wood et al. 2018). 
 
2.9.2. Labelled Riboprobe synthesis 
 
As previously mentioned, probe labeling can either be carried out during the in vitro 
transcription reaction or post-transcriptionally. In the current PhD work, both 
approaches have been applied to synthesize different types of probes. 
Digoxigenin (Roche) or Fluorescein (Roche) labeled ribonucleotides were used to 
generate digoxigenin or fluorescein-labeled RNA probes during in vitro transcription. 
500–1,000 ng of linear DNA were used as a template for the in vitro transcription 
reaction, and the reaction was incubated at 37 oC for 2 hours. Then RNase free 
DNase I was added (1 U/μl) to remove the DNA template, and the mix was incubated 
for another 20 minutes at 37 oC. Unincorporated nucleotides and the reagent 
leftovers were removed by purifying the RNA probes using the Mini Quick Spin RNA 
Columns G-50 Sephadex (Roche).  
Dinitrophenol (DNP) labeled probes were labeled post-transcriptionally. The first 
step is to in vitro transcribe unlabeled RNA starting from 500–1,000 ng of linear 
DNA; the reaction was carried out at 37 oC for 2 hours according to the 
manufacturers’ instructions and purified using the Mini Quick Spin RNA Columns G-
50 Sephadex (Roche).  
2.5 – 5μg of pure unlabeled RNA is used as a template for the DNP Labelling kit 
(Mirus). The DNP labeling kit consists of the DNP label, a linker that facilitates 
electrostatic interactions with nucleic acids, and the reactive alkylating group that 
attaches the reagent to non-base-pairing sites on the guanine ring. The labeling 
reaction was carried out at 37 oC for 2 hours, and the labeled RNA probe was 
purified as described above. 
RNA probes were stored at −80 oC until use.  
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2.10. Whole-mount Fluorescent In Situ Hybridization (FISH) 
 
FISH was performed using the Tyramide Signal Amplification (TSA) Kit (Perkin 
Elmer). TSA reagents allow the fluorescent detection of single mRNA molecules. 
Fluorescence is produced once the HRP enzyme conjugated to the antibodies that 
recognize the chemicals with which the probe is labeled (anti-DIG, anti-DNP, anti-
FLUO. HRP transforms the TSA reagents to free radicals that form bonds with 
tyrosine residues proximal to HRP. The TSA reagents used in this thesis are cyanine 
3 (cy3, excitation 550 nm, emission 570 nm) and cyanine 5 (cy5, excitation 648 nm, 
emission 667 nm).  The protocol used for single or double FISH (Perillo et al. 2021) 
is as follows, and a summary of the steps is presented in Figure 2.10 : 
1. Embryos or larvae stored in 70% ethanol were gradually rehydrated with 
decreasing ethanol concentration in MOPS buffer and then washed x3 with 
MOPS buffer.  
2. Specimens were washed x2 in pre-warmed at 50 oC hybridization buffer 
(70% formamide, 100 mM MOPS pH 7, 500 mM NaCl, 0.1% Tween 20, 1 
mg/ml BSA) and left in a 50 oC incubator for 3 hours to pre-hybridize.   
3. The DIG-, FLUO- and/or DNP-probes were added at a final concentration 
of 0.1–0.5 ng/μl in hybridization buffer. The final volume of the hybridization 
was at least ten times the embryo/larva volume. The tube with the probe 
dilution was heated at 65–70 oC for 10 minutes, spun briefly to get all the 
probe solution to the bottom of the tube, and left for 5 min on ice. Then the 
pre-hybridization buffer was removed, and the diluted probe containing 
solution was added to the samples. 
4. Specimens were left to hybridize for 5-7 days at 50 oC. During this time, the 
RNA probe binds the endogenous RNA of interest. 
5. After hybridization, samples were washed with hybridization buffer for at 
least 3 h at 50 oC, replacing the buffer twice with pre-warmed (50 oC) buffer. 
6. Then the embryos/larvae were washed x3 with MOPS buffer at room 
temperature. 
7. Specimens were incubated in the PerkinElmer blocking reagent that comes 
with the kit for 30 minutes at room temperature. Then the blocking solution 
was removed, replaced with a dilution of 1: 1,000 of either anti-DIG or anti-
DNP or anti-FLUO horseradish peroxidase (HRP) Fab fragments (Roche) 
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in the PerkinElmer blocking buffer and incubated at 37 oC for 1 hour or at 4 
oC overnight. 
8. The excess of the unbound antibody was removed by washing with MOPS 
buffer x5 at room temperature.  
9. The signal was detected by staining for 15–30 minutes in 1:400 cy3 in Perkin 
Elmer amplification diluent.  
10. Unbound cy3 was removed by washing the samples in MOPS buffer x5. 
11. In the case of single FISH 1:10,000 DAPI (from a 10mg/ml stock prepared 
in water) in MOPS buffer was added to image nuclei. 
12. In the case of double FISH, the HRP conjugate to the antibody detecting the 
first probed was inactivated by washing the samples x2 with 1% H2O2 in 
MOPS buffer for 30 min. 
13. Specimens were washed in MOPS buffer x5 to eliminate all the H2O2. 
14. Samples were incubated again in Perkin Elmer blocking reagent for 30 min.  
15. Embryos/larvae were incubated with 1:1,000 of the appropriate antibody 
depending on how the second RNA probe was labeled (anti-DNP-HRP, anti-
FLUO-HRP antibodies in blocking buffer for 1 hour at 37 oC or overnight at 
4°C. 
16. Specimens were washed 5x in MOPS buffer to remove excess antibody. 
17. Samples were washed in Perkin Elmer amplification diluent x2. 
18. The signal was detected by staining for 15–30 minutes in 1:400 cy5 (from 
the TSA kit) in amplification diluent. 
19. Specimens were washed x5 in MOPS buffer. 
20. 1:10,000 DAPI (from a 10 mg/ml stock prepared in water) in MOPS buffer 
was added to image nuclei. 
21. Specimens were mounted for imaging with a Zeiss LSM 700 confocal 
microscope.  
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Figure 2.10. Fluorescent in situ hybridization. Schematic representation summarizing 
the FISH technique as described above. (Figure adapted from Perillo et al. 2021). 
 
2.11. Immunohistochemistry (IHC) 
 
Embryos/larvae fixed either for IHC or in FISH were used for immunohistochemical 
detection of protein antigens. In case fixed specimens for FISH were used, samples 
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were gradually rehydrated with decreasing ethanol concentration in 1x PBST and 
then washed x3 with 1x PBST. The IHC protocol was carried out as follows: 
1. 1x PBST was removed, and specimens were incubated with blocking solution 
(1% BSA, 4% Sheep serum diluted in 1x PBST) for 1h at room temperature 
or overnight at 4 oC. 
2. The primary antibody(ies) of interest was (were) diluted in the appropriate 
concentration in blocking solution. The blocking solution was removed from 
the specimens and replaced with a blocking solution containing the diluted 
antibody(ies). Samples were incubated either for 1 hour and 30 min at 37 oC 
or overnight at 4 oC. For further information on the specific characteristics and 
dilutions of each antibody use, please refer to Table 2.3. 
3. Specimens were washed x5 in 1x PBST to remove excess antibody. 
4. The appropriate secondary Alexa Fluor conjugated antibody(ies) (according 
to the organism in which the primary antibody has been raised) was (were) 
diluted 1:1,000 in 1x PBST. 1x PBST was removed, and samples were 
incubated for 1 h at room temperature.  
5. Specimens were washed x5 in PBST to remove excess antibody(ies). 
6. 1:10,000 DAPI (from a 10 mg/ml stock prepared in water) in 1x PBST was 
added to image nuclei. 
7. Specimens were mounted for imaging with a Zeiss LSM 700 confocal 
microscope.  
 
2.12. Combination of FISH and IHC 
 
FISH and double FISH experiments can be combined with indirect 
immunofluorescence enabling the user to further characterize those cells by adding 
information provided by the fluorescent signal of a specific antibody to a protein of 
interest. In this PhD work, immunohistochemistry was combined with FISH after 
FISH was completed.  
1. At the end of the FISH protocol, MOPS Buffer was removed specimens were 
resuspended 1x PBST. 
2. Samples were washed 4 times with 1x PBS to ensure that all MOPS buffer 
residues were removed. 
   P a g e  | 60 
 
3. 1x PBST was removed and specimens were incubated with blocking solution 
(1% BSA, 4% Sheep serum diluted in 1x PBST) for 1h at room temperature 
or overnight at 4 oC. 
4. The primary antibody of interest was diluted in the appropriate concentration 
in blocking solution. Blocking solution was removed from the specimens and 
replaced with blocking solution containing the diluted antibody. Samples 
were incubated either for 1 hour and 30 min at 37 oC or overnight at 4 oC.  
5. Specimens were washed x5 in 1x PBST to remove excess antibody. 
6. The appropriate secondary Alexa Fluor conjugated antibody (according to 
the organism in which the primary antibody has been raised) was diluted 
1:1,000 in 1x PBST. 1x PBST was removed, and samples were incubated for 
1 h at room temperature.  
7. Specimens were washed x5 in PBST to remove excess antibody. 
8. 1:10,000 DAPI (from a 10 mg/ml stock prepared in water) in 1x PBST was 
added to image nuclei. 
9. Specimens were mounted for imaging with a Zeiss LSM 700 confocal 
microscope.  
 
2.13. EdU labeling 
 
To investigate the spatial distribution of proliferating cells, cell proliferation assays 
were carried out using Click-It EdU Cell Proliferation Kit for Imaging Alexa FlourTM 
647 (Thermo Fisher Scientific). Larvae were treated with EdU at a final 
concentration of 10 μM in FSW and let to develop for 2 hours. Samples were fixed 
in 4% PFA in FSW for 15 min (RT) and washed several times with 1x PBST. PBST 
was removed, replaced by 100% methanol for 1 min (RT), and followed by several 
washes with PBST. After this step, one can continue with either developing the EdU 
signal or pairing this assay with immunohistochemical detection of a protein of 
interest, as described above. To develop the EdU signal, the Click-iT TM reaction 
mix was prepared according to the manufacturer’s guidelines. PBST was removed, 
and the reaction mixture was added to the samples for 30 min (RT). Larvae were 
washed several times with 1x PBST, and 1: 10,000 DAPI in 1x PBST was added to 
image nuclei. 
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2.14. TRIM treatments in sea urchin larvae 
 
In order to understand the role of Nitric Oxide (NO) during sea urchin development, 
we used the 1-(α,α,α-trifluoro-o-tolyl)-Imidazole (TRIM, Cayman Chemical, stock 
solution in DMSO) that inhibits proper NOS (Nitric oxide synthase) activity by 
interfering with the binding of both L-arginine and tetrahydrobiopterin to their 
respective sites on NOS enzymes and thus limiting the production of NO. A range 
of inhibitor concentration and timing were tested. When the inhibitor was added 
before gastrulation was complete, it resulted in developmentally arrested embryos. 
To avoid such possible off-target effects, the inhibitor was applied to already 
gastrulated embryos (at 3 dpf). The in vivo experiments were performed at 500, and 
100 µM of TRIM diluted in FSW. Treatments were carried out in 6 well plates at 15 
oC. An equal number of 2 dpf embryos were placed into two wells containing TRIM 
and DMSO (control), respectively. Larval morphology was assessed at 3 and 4 dpf 
using a Zeiss Apotome 2 microscope. Larvae were fixed for FISH, IHC, and SEM 
following the protocols described above.  
 
2.15. DAF-FM diacetate assay 
 
NO detection was performed with 4-amino-5-methylamino-2',7'-difluorofluorescein 
diacetate (DAF-FM-DA). DAM-FM is a cell-permeable and non-fluorescent reagent 
that, after reaction with NO, forms the fluorescent compound benzotriazole (Kojima 
et al. 1999). Wild type, control, and Trim treated larvae were incubated for 20 min in 
the dark with 5 μM DAF-FM-DA in FSW. Next, the specimens were washed several 
times in FSW and observed under a Zeiss Apotome 2 microscope. 
 
2.16.  Scanning Electron Microscopy (SEM) 
 
Fixed samples (as described above) were subjected to critical point drying, were 
coated with gold or platinum in a Leica EM ACE 200 Sputter Coater, and observed 
under a JEOL JSM-6700F scanning electron microscope. 
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2.17. Gene annotation and orthology assessment.  
 
Gene annotation and orthology assessment has been performed by Echinobase 
(www.new.echinobase.org) and is based on the DRSC Integrative Ortholog 
Prediction Tool (DIOPT), which collects the output from several algorithms. For each 
sequence in Echinobase, orthology predictions are presented for multiple species 
with direct links to other MODs (e.g., ENSEMBL). Moreover, a gene is a duplicate if 
more than two SPU genes have an exact start and end coordinates with a single 
WHL ID, while in the specific cases of Sp-Pax6, Sp-NosB genes and Sp-An, two 
WHL IDs correspond to the same gene and that the reason why the gene names 
appear twice in the relative plots.  
 
2.18. Diagrams, graphs, and figures 
 
Figures, diagrams, and graphs were made using Microsoft PowerPoint and Excel 
Professional Plus 2016, Photoshop CC 2015, R Studio v1.2.1502, and Image J 
v1.53c. Gene Regulatory Networks were drawn using BioTapestry (Longabaugh 


















Table 2.1. Sequences of the morpholinos used in this study. 
Gene name Sequence Type Reference 
Sp-Pdx1 AGTACGCGGGATTGTTCCCTTCCAT Translation Morpholino Cole et al. (2009) 
Sp-An TAGATATGCGTTTCGTGACATC Translation Morpholino unpublished 
Sp-NosA AATTCGCTCAGAGTTCGGAAGGCAT Translation Morpholino unpublished 
Sp-NosB GTCCTGATCCATTTTAAATCACTTA Translation Morpholino unpublished 
 
Table 2.2. Primers used to clone genes. 
Gene name WHL ID Forward Primer Reverse Primer 
Sp-Ahrl WHL22.256860 GCTTTCATCACGTCGACCTC TGGCTGAAAACACTCCATGC 
Sp-Bra WHL22.600041 CACCCTTTCACCGCCACTAT AGAGATCATGTCCGTCGTTTCTA 
Sp-Chrna9_4 WHL22.694407 ACACGGAAAACCGTCTCATC CCGACAGTGCCTCTTTCTTC 
Sp-Cyp2L42 WHL22.610666 TGACAGCTCGAAGAAGCTCA GGACCAGGAAAGTGGTGAAA 
Sp-Ddc WHL22.176642 CCACCGATGACAAAGGTTCT CCAGGCATACGTCATGTGTC 
Sp-Delta WHL22.423696 GTGCGCTGAAACCTACTACG CCTCAGTTGCGTGTAATCCG 
Sp-Emx WHL22.113468 CGGCGGAGTTATTTCGACC TCCCTCTCCCTCTCTTCGAT 
Sp-FbsL_2 WHL22.397681 TTTCACACGCTTCATCATCC TGATAGCTGCTGCTCCACAT 
Sp-FcolI/II/III WHL22.541149 GCAAGTGTTCGCTTTGATGA TGTCCGTCACAATGACACCT 
Sp-Fgfr1 WHL22.323968 AGATGGCGTTCAGAAGTGGA CATAGCCAGCTCCGAGATCA 
Sp-FoxA WHL22.439762 TCCCACCCCAACCGACTCCG CGTCCCTTCGAAATGAATGGACAGGG 
Sp-FoxABL WHL22.615153 TGATAAGATACCTATGTCTTATGAACG TCGATTAAAATGAAGGTAATGTGC 
Sp-FoxI WHL22.535569 ATCAGACAGGCAACATCCAG TGTCATGACCGAGCAGACTC 
Sp-Foxq2 - TTGAAAACCTTGCCCAGAGT TGCATCGCTGGTGGTAGTAG 
Sp-Frizz5/8 WHL22.42488 GTGGAACAATCCATCAGTTG CGTGGTTGCCTACGTAACAG 
Sp-Gsc WHL22.531818 CTCTCCATGAATGCCGCATC TCATCGTCCGCAGAGTACTC 
Sp-Hbn WHL22.523959 CTCGAGTCCCAGTGGGTTTA ACTGAGAGCGGTGAACTTGG 
Sp-Hnf4 WHL22.35553 GGTGGACAAGGACAAGAGGA TGAGCTGTAGCAGCTGAGGA 
Sp-Hypp_1249 WHL22.480550 AAGCCTACCGAGTCAGATTGC TTACTGCTTGAAAATAAACATTGAGA 
Sp-Hypp_2386 WHL22.239326 TGTCCTCGCTCAGGAAGATT CGGCTTTATAGGCCAATCC 
Sp-IrxA WHL22.651130 TGCGTATGCTGACTTGAAGG GGCGGTGATACCACTCTGAT 
Sp-Kp WHL22.176298 TCACGGTCCTATTGGCTCTC GAAAGGCAGGAAGTGGGGTA 
Sp-MacpfA2 WHL22.302097 TACCCCAGTCATCCTTCTCG GTTCCAGGTGAACTCCGTGT 
Sp-Mlckb WHL22.24095 TGCACCAAGGATACCATCAA ACAGAGCAGCACCAGTTCCT 
Sp-MsxI WHL22.404908 CGCCACTCACCAACTATTCG ATGGGAAGGAGAAGCAGCAT 
Sp-Nacha6 WHL22.694414 ATGGAGGCCAGACATTGTTC GCAAGAAGGAACACCCACAT 
Sp-Nk1 WHL22.152063 CCCACCATCCGAGTAACATC GACCATGCATGTGCGTAAAC 
Sp-Nkx6.1 WHL22.567494 TCCGAATCGATGATTTCTCTG TCGTCAATGTCTGCTTCGAC 




Sp-Opsin3.2 WHL22.338995 CGCCCTCTACCTGACCTTAG GCGCGAAAACTCTGCTGATA 
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Sp-Otp WHL22.286934 CACCGATGAACGACTCCTTT ATCAATGTCGCACCAATTCA 




Sp-Prox1 WHL22.531966 GGGATCCTATCGCATCTTCA CTCCGGTACCGTGAACTCAT 
Sp-Rfxc1l WHL22.741295 CGTGATCAAGTTGGTGGTTG TCCGAATCAGATGGAAGGAC 
Sp-Serp2; Sp-
Serp3 
WHL22.204515 TACGAAAATGCGTGGATTGA GGATCCGAGACATCCAAGAA 
Sp-Six3 WHL22.121654 ATGGCTTGCGATATGAGCGA TCTGGCGCGTAGAACACTTT 
Sp-SoxC WHL22.622787 GCAGTCACAGCAGATTCCAA AATCATGGACGAAAGCAGCC 
Sp-Spec2a WHL22.416148 GCGATGGCAAAATCACTTCT ATCCGTTGTGATCCTTGTCC 
Sp-Tbx2/3 WHL22.457020 TTCTTTCAAAGTCCGCGTCT AAAGAAGTCCTGCAGCGTGT 
Sp-Tph WHL22.635790 ATCGAATCGAGAAAGGCTCA GGTCAATTCGTCTCGGACAT 
SPU_002797 WHL22.296833 ACAACCGTCTCCATGACTCC ACTCCTGCCTCTCCTTCCTC 
SPU_008104 WHL22.637579 TCTTCTCCTTCTCGGCTTTG TGAAGTTTTGCACGTTGAGG 
SPU_016308 WHL22.79741 CGTCTGTGTACATGGTGTGC GTGTTGCTCTTGCTCCCAAT 
 
Table 2.3. Antibodies used in this thesis. 
Gene name Type Dilution 
Tyrosine hydroxylase (TH) polyclonal anti-rabbit 1:50 
Choline acetyltransferase 
(Chat) 
polyclonal anti-rabbit 1:100 
Serotonin polyclonal anti-rabbit 1:1,000 
uNOS polyclonal anti-rabbit 1:100 
Acetylated a-tubulin monoclonal anti-mouse 1:200 
Beta-tubulin monoclonal anti-mouse 1:100 
Synaptotagmin B monoclonal mouse undiluted 
Msp130 monoclonal anti-mouse undiluted 
Pdx1 polyclonal anti-rabbit 1:500 
Nkx2.1 polyclonal anti-rabbit 1:600 
Soxb2 monoclonal anti-mouse 1:400 
Endo1 monoclonal anti-mouse 1.1 
An polyclonal anti-rabbit 1:200 
 
Table 2.4. Parameters used in the initial steps of the clustering analysis. 
Replicate/developmental 
stage 
minimum number of 
cells 
minimum number of 
features 
sp2dpf_1 3 300 
sp2dpf_1a 3 350 
sp2dpf_2 3 300 
sp2dpf_2a 3 500 
sp2dpf_3 3 200 
sp3dpf_1 3 200 
sp3dpf_1a 3 300 
sp3dpf_2 3 200 
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sp3dpf_2a 3 200 
sp3dpf_3 3 400 
sp3dpf_4 3 500 
sp5dpf_1 3 250 

































Dr. Maria Ina Arnone has performed the majority of microinjection experiments. The 
author of this thesis has performed a couple of Pdx1 morpholino microinjection 
procedures, has prepared the necessary solutions, for example, PABA-FSW, 
microinjection solutions, and equipment such as protamine and agar coated plates, 
as well as microinjection needles.  
Dr. Danila Voronov, a member of the Arnone group at the time of the collaboration, 
has contributed to analyzing the scRNA-seq data. Dr. Jacob Musser, a postdoc from 
Dr. Detlev Arendt lab, assisted in constructing the first libraries and performed the 
initial conversion of the BCL read files into FASTQ while Drs. Vladimir Benes and 
Bianka Baying (GeneCore, Heidelberg, Germany) performed the sequencing of the 
single cell libraries. The author of this PhD work has optimized the dissociation 
protocol, constructed the single cell libraries, performed the R studio-based scRNA-
seq data analysis, cloned genes, and performed fluorescent in situ hybridizations, 
immunostainings, and combination of the two on scRNA-seq predicted cluster 
markers. Moreover, the author of this thesis has identified and characterized the 
different computationally produced cell types and performed the rest of the 
computational analyses. 
Dr. Giovanna Benvenuto at Stazione Zoologica Anton Dohrn has contributed to the 
imaging process and development of the fixation protocol used for SEM and sample 
observation. The author of this thesis has equally contributed to all these processes.  
Drs. Filomena Caccavale and Salvatore D’Aniello, contributed to the Nitric Oxide 
related part of the thesis. They were involved in the computational recognition, 
cloning, and synthesis of the riboprobes for the two sea urchin nitric oxide synthase 
(NOS) genes. Dr. Filomena Caccavale and the PhD student Maria Cocurullo 
designed the morpholino antisense oligonucleotides targeting the two Nos genes. 
The author of this thesis contributed to synthesis of the probe and performed the 
experiments to characterize their domains of expression and function.   
Maria Cocurullo also assisted in cloning gene markers and synthesize antisense 
probes for several gene markers. Inés Fournon Berodia also assisted in cloning and 
preparation of probes.   
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Dr. Margherita Perillo contributed to developing the FISH protocol and the initial 
characterization of pre-pancreatic neuronal types by cloning pre-pancreatic genes 
of interest and performing several in situ hybridizations and immunostainings. The 
author of this thesis performed in situ hybridizations and immunostainings on control 
and Pdx1 knockdown embryos/larvae and a thorough analysis of the molecular 
fingerprint of the Pdx1/Brn1/2/4 double-positive pre-pancreatic neurons. 



























Embryonic and larval cell types at a single cell resolution 
 
One of this thesis's main goals is to assess the cell type complexity at a molecular 
level during S. purpuratus embryonic and larval development. To this end, I 
performed scRNA-seq on three key developmental stages, and this chapter 
contains the results of the subsequent scRNA-seq analysis.  By the end of this 
analysis, I was able to identify distinct cell types, novel genes markers and provide 
a detailed overview of the transcriptomic signature and gene regulatory wiring of the 
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3.1. Identification of the cell types in place during sea urchin development 
 
The first aim of my PhD thesis is to investigate at a molecular level the composition 
and identity of the cell types in place at 2 dpf gastrula, 3 dpf early pluteus, and 5 dpf 
pluteus developmental stages. Until now, most of our current knowledge on the 
identity of sea urchin cell types comes from traditional approaches such as 
identification of molecular markers, perturbation of gene expression, and fate 
mapping. These approaches contributed to drafting several close to completion 
GRNs for several cell types at multiple stages of sea urchin early embryonic 
development.  
Recent technological advances in microfluidics and nucleic acid barcoding allow the 
high-throughput recognition of an organism’s cell types at a single cell level, though 
scRNA-seq. This method has been successfully applied to a variety of different taxa 
spanning from insects (Davie et al. 2018, Severo et al. 2018, Cho et al. 2020), 
cnidarians (Sebe-Pedros et al. 2018), and sea squirts (Cao et al. 2019, Sharma et 
al. 2019) to more complex ones such as zebrafish (Wagner et al. 2018, Chestnut et 
al. 2020) mice (Nestorowa et al. 2016, Jung et al. 2019, Ximerakis et al. 2019, Yu 
et al. 2019, Qi et al. 2020) and even humans (Yu et al. 2019, Esaulova et al. 2020, 
Qi et al. 2020, Zhao et al. 2020), revealing the cell types and their distinct 
transcriptomic signatures. 
To achieve the first goal of this PhD project, I set up a scRNA-seq protocol for the 
sea urchin embryo and larva, and this chapter contains the results of the scRNA-
seq analysis performed on single-cell libraries originating from the aforementioned 
developmental stages. These results provide a more in-depth understanding of the 
molecular fingerprint and identity of the sea urchin S. purpuratus cell types present 
in those developmental stages. Due to the current lack of information on the 
molecular diversity and regulatory dynamics active at the 3 dpf early pluteus stage 
and the fact that this developmental time-point marks the transition from embryonic 
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3.1.1. From embryo/larva to single cells 
 
The first step towards unraveling the cell type composition of an organism at a single 
cell level, is to dissociate the specimen into single cells. To achieve this goal, a 
gentle enzyme-free dissociation protocol that produces a high number of intact 
single cells was developed. The dissociation protocol used in this thesis is based on 
the suspension of embryos and larvae in calcium/magnesium-free artificial seawater 
(Ca2+ Mg2+ free artificial seawater). The dissociation is based on the reduction of 
extensive cell contacts due to the calcium and magnesium absence, allowing the 
isolation of single cells after applying a gentle mechanical force (pipette aspiration). 
Glycine and EDTA's presence in the dissociation medium ensured the 
decompaction of cells and the absence of calcium anions and thus aggregation 
events.  
 
3.1.2. Generation of cell type atlases 
 
Embryonic and larval cultures coming from 3 biological replicates of 2 dpf gastrula, 
4 biological replicates of 3 dpf early pluteus, and 2 biological replicates of the 5 dpf 
pluteus developmental stages were used for single cell RNA sequencing analysis. 
Furthermore, in total 4 technical replicates for four of these biological replicates (two 
for gastrula and two for pluteus stages) were produced and incorporated into the 
analysis to which higher sequencing depth was applied (Fig. 3.1 A). The capture of 
the single cells and the cDNA library preparation was done using the 10x Chromium 
scRNA-seq technology, and the resulting libraries were computationally integrated 
and further analyzed using Seurat (Butler et al. 2018, Stuart et al. 2019). Integration 
was performed both on libraries coming from the same developmental time-point 
and across time-points. The integration success was determined by producing 
individual for each replicate UMAPs and assessing their overlap (Fig. 3.1 B, C, D). 
In detail, the integration of libraries coming from the same developmental time-point 
was successful, since all the produced clusters consisted of intermingled 
populations of cells originating from all replicates (Fig. 3.1 B, C, D). Regarding the 
cross-stages data integration, although feasible (data not shown), only the 
integration of the 2 and 3 dpf stages (Fig. 3.15) is reported in this thesis. The 
reasoning for this, relies on the low resolution of the 5 dpf datasets (see below), that 
compromises the clustering analysis of all integrated datasets.  
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In total, single cell transcriptomes from 15,341 gastrula, 19,699 early pluteus, and 
12,097 late pluteus cells were included in the final analysis. Uniform Manifold 
Approximation and Projection (UMAP) visualization of the integrated datasets 
revealed 20 putative broad cell types for the 2 dpf gastrula stage, 21 for 3 dpf, and 
20 for 5dpf plutei stages.  
The term putative broad cell type was chosen because the scRNA-seq 
computationally produced clusters often do not correspond to 1:1 cell types in vivo 
and may contain different subtypes of the same cell type or different cell states 
(Shekhar and Menon 2019). 
The number of the putative broad cell types produced is directly linked to the 
analysis resolution chosen (in this case, the stringent resolution of 1.0 was chosen). 
Each putative broad cell type can be further sub-divided into several sub-types. 
Since with the resolution 1.0, most of the cell types expected to be present at these 
developmental stages were revealed, further characterization of the cell types was 
performed without changing the resolution. When needed to characterize a putative 
broad cell type further, sub-clustering and re-analysis of the cell type of interest was 
applied.  
Several studies aiming to decipher the S. purpuratus embryo and larva cell type 
diversity have been carried out through the years. Such studies span from lineage 
tracing experiments (Angerer and Davidson, 1984, Cameron et al., 1987) to studies 
aiming to thoroughly characterize specialized cell types. For instance studies carried 
out in S. purpuratus embryos and larvae, have demonstrated that the skeleton of 
the early pluteus larva is produced by an average of 32 skeletogenic cells (Rafiq et 
al. 2012, Rafiq et al. 2014).   
 
   P a g e  | 72 
 
 
Figure 3.1. Replicate integration. A) Diagram showing the number of samples used per 
developmental time-point/replicate. UMAPs split and overlay by original identity showing 
the overlap of the different biological and technical replicates for 2 dpf (B), 3 dpf (C), and 5 
dpf (D) developmental stages. 
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Using such examples and extracting the number of cells constituting the different 
computationally identified cell types, it is evident that the number of cells per cell 
type does not seem to correlate with the actual distribution of them in the larva. In 
the case of the 3 dpf dataset, the skeletal putative broad cell type consists of only 
66 skeletogenic cells that corresponds to the number of cells present in two larvae 
at a similar developmental stage (Fig. 3.2). Considering that cells originating from 
hundreds of larvae and not of a single individual were used for the scRNA-seq 
experiments, the hypothesis that the computationally produced number of cells does 
not have any biological meaning is favored. The lower number of skeletal cells 
represented in the single-cell transcriptome than the number one would expect from 
a pool of hundreds of larvae could also be linked to the dissociation process, as 
larval skeletal structures are the last to dissociate, and hence cells can get trapped 
within the debris and thus be underestimated in our datasets. Nonetheless, the 
major putative cell types identified as described below are the expected ones, and 
no known cell type seems to be missing from the analysis, suggesting that the 
representative cells retrieved are sufficient to address the questions of this study. 
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Figure 3.2. Distribution of cells, genes and RNA molecules per putative broad cell 
type. Bar plots showing the number of cells per cell type at 2 dpf gastrula (A) and 3 (B) and 
5 (C) dpf larva stages. Violin plot showing the unique number of genes (nFeature_RNA) 
and number of molecules (nCount_RNA) at 2 (D) dpf gastrula and 3 (E) and 5 (F) larva 
stages.  
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3.1.3. Identification of the putative broad cell types 
 
In order to identify and annotate the computationally produced cell types, a three-
step identification process was applied. The first step was to take advantage of the 
thorough cell type characterization studies performed so far and to use known gene 
markers as a preliminary way to assess their identity. Next, the identity of cluster 
markers and of the total genes expressed in every cell type were computationally 
extracted. Having both the cluster markers, which correspond to the highest and 
differentially expressed genes, and the total pool of genes expressed, including 
genes expressed in low levels such as transcription factors, enabled the more 
confident characterization of the putative broad cell types. This analysis resulted in 
lists containing 6,365 cluster markers and 15,365 total genes for 2 dpf gastrula, 
7,471 cluster markers and 15,578 total genes for 3 dpf pluteus and 5,454 and 16,852 
for 5 dpf pluteus stages. These lists can be found in the Non-book component of 
this thesis (Sp_2dpf_all_genes, Sp_2dpf_marker_genes, Sp_3dpf_all_genes, 
Sp_3dpf_marker_genes, Sp_5dpf_all_genes, Sp_5dpf_marker_genes). The total 
number of genes retrieved across all developmental time-points is in agreement with 
the average of 16,500 genes shown to be expressed by the end of S. purpuratus 
embryogenesis (Tu et al. 2014). The slightly lower number of genes recovered 
compared to the bulk transcriptomic approaches applied in the past is most probably 
due to the absence of some genes in the reference transcriptome used or due to 
minor differences in the developmental timing of the datasets discussed in this 
thesis compared to the ones produced in Tu et al. 2014. Nonetheless, this slight 
discrepancy in the number of genes identified is compensated by the cell type 
specificity our scRNA-seq approach offers.  
The last identification step is based on in vivo validations of the predicted expression 
domains of previously characterized and non-characterized genes by performing 
fluorescent in situ hybridizations, immunohistochemical stainings, and combinations 
of the two. Overall, this process resulted in the identification of 19 out of the 20 
gastrula (Fig. 3.4), 20 out of the 21 early pluteus (Fig. 3.5), and 19 out of the 20 (Fig. 
3.6) late pluteus stages putative broad cell types.  
In all datasets from all three developmental time-points, one cell type could not be 
traced back to a specific domain of the animal. Due to the high number of cells 
constituting this cluster compared to the rest (Fig. 3.2), the poorly defined molecular 
signature as judged by the number of genes found to be expressed (1,563 at 2 dpf, 
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1,408 at 3 dpf and 1,860 at 5 dpf stages) and lack of specific localization of its gene 
markers led to its annotation as 
undifferentiated cells. 
Figure 3.3. Molecular signature of 
the undifferentiated putative 
broad cell type. Dotplot of the 
genes expressed in the 
undifferentiated putative broad cell 
type across the three 
developmental time-points shows 
high similarity with ectodermally 
derived cell types. Details on the 
identity of the genes plotted here 
can be found in the all_genes files 
of the non-book component. 
 
Extracting the identity of the total 
genes expressed in this cell type 
and in all three developmental 
time-points resulted in identifying 
a transcriptomic similarity with 
ectodermal cell types such as 
the ciliary band and the oral 
ectoderm putative broad cell 
types (Fig. 3.3). Interestingly, a 
recent study by Perillo et al., in 
which the authors used scRNA-
seq on enriched ectoderm plutei 
tissues to describe several cell 
states in place, revealed the 
presence of a similar 
uncharacterized ectodermal cell 
type (Perillo et al. 2020) as the 
one present in our datasets, thus 
suggesting that this cell 
population exists and is not an 
artifact of the analysis. 
Moreover, violin plots of the 
genes (nFeature_RNA) and 
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molecules (nCount_RNA) per cell type/developmental stage (Fig. 3.2 D, E, F) show 
that the undifferentiated cell type has a comparable number of molecules to verified 
cell types. For instance, the undifferentiated cells, ciliary band, immune and 
esophageal clusters of the 3 dpf, all have similar number of UMIs, supporting the 
hypothesis that this is a real cell type and not dying cells or empty droplets. 
Considering the great plasticity and regeneration capability of the sea urchin embryo 
and larva, it is also possible that this non-differentiated ectodermally associated cell 
type is a stand by population waiting to be activated.   
 
 
Figure 3.4. UMAP showing the 2 dpf embryonic cell types. Each putative broad cell type 
is being represented with a different color. 
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Figure 3.5. UMAP showing the 3 dpf larval cell types. Each putative broad cell type is 
being represented with a different color. 
 
 
Figure 3.6. UMAP showing the 5 dpf larval cell types. Each putative broad cell type is 
being represented with a different color. 
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The use of a mild dissociation protocol, the presence of this type in all replicates 
and datasets produced by different groups applying different dissociation protocols 
support the notion that this is a real cell type. Nonetheless, since it does seem to 
represent an undifferentiated cell type (according to its weak molecular signature), 
it has been excluded from downstream analysis. Future studies are needed to verify 
the origin and function of this cell type during sea urchin development.   
Plotting the average expression of selected known cell-type gene markers (Fig. 3.5) 
enabled a preliminary identification of clusters (Figs. 3.7, 3.8, 3.9) that correspond 
to ciliary band (Btub2) (Harlow and Nemer 1987), anterior neuroectoderm/apical 
plate (Hbn) (Burke et al. 2006), aboral ectoderm (Spec2a) (Yuh et al. 2001), 
stomodeum, lower oral ectoderm (Bra) (Wei et al. 2012) and upper oral ectoderm 
(Gsc) (Wei et al. 2012), neurons (SynB) (Burke et al. 2006), esophageal muscles 
and muscle-precursors (Mhc) (Andrikou et al. 2013), small micromere 
descendants/coelomic pouches (Nan2) (Juliano et al. 2010), blastocoelar cells 
(185/333) (Ho et al. 2017), immune cells (Gcm) (Materna et al. 2013) and skeleton 
(Msp130) (Harkey et al. 1992) across all three developmental time-points.  
At 2 dpf gastrula stage, the posterior gut molecular markers Hox11/13b, Cdx, and 
Pdx1 were predicted to be expressed in the hindgut putative broad cell type, 
whereas the same markers at 3 dpf pluteus stage were predicted to be expressed 
in hindgut derived cell types such as anus, intestine, and pyloric sphincter 
respectively. The same markers were enriched in the 5 dpf posterior gut putative 
cell type. These predictions recapitulated the experimentally demonstrated 
expression patterns of all the genes mentioned above. Additional plotting of markers 
known to label specific domains of the sea urchin embryo and larva gut such as 
Chp, ManrC1a, Endo16, Ptf1a, Brn12/4 and Troponin (Cole and Arnone 2009, 
Annunziata and Arnone 2014, Perillo et al. 2016, Yaguchi et al. 2017), resulted in 
the recognition of three different midgut domains at 2 dpf embryo, three different 
stomach domains at 3 dpf pluteus, an exocrine pancreas-like domain at gastrula 
and early pluteus, an esophageal related cell type in all three datasets and one 
cluster corresponding to cardiac sphincter present only in the 3 dpf pluteus dataset. 
The same lineage tracing and analysis experiments mentioned previously allowed 
the grouping of the computationally predicted putative broad cell types according to 
their developmental origins, enabling a more extensive analysis. 
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Figure 3.7. Identification 
of the 2 dpf dataset cell 
types. A) Dotplot of gene 
markers previously shown 
to be cell type-specific. B) 
Feature plots of specific 
markers previously shown 











Figure 3.8. Identification 
of the 3 dpf dataset cell 
types. A) Dotplot of the 
same cell type-specific 
gene markers shown in 
Figure 3.7. B) Feature plots 
of specific markers 
previously shown to be cell 
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Figure 3.9. Identification of 
the 5 dpf dataset cell types. A) 
Dotplot of the same cell type-
specific gene markers shown in 
Figure 3.7. and 3.8. B) Feature 
plots of specific markers 
previously shown to be cell 
type-specific in sea urchin. 
 
Performing FISH and or IHC 
of characterized and non-
characterized marker genes 
allowed the in vivo validation 
of the scRNA-seq analysis 
predictions. The high overlap 
between the computationally 
predicted gene expression domains and the ones observed in vivo (Figs. 3.10, 3.11, 
3.12) verified the high quality of the produced datasets and the correct annotation 
of the cell types and allowed their mapping on distinct embryonic and larval domains 
(Fig. 3.13, 3.14). For instance, Sp-Hypp_1249 and Sp-hypp_2386 are specifically 
labeling pigment and skeletal cells, at gastrula and early pluteus stages (Figs. 3.10 
H, I, 3.11 H, I) respectively, while Sp-Mlckb is musculature markers in all time-points 
tested (Figs. 3.10 J, 3.11 J, 3.12 E). 
Concerning the 2 dpf gastrula and 3 dpf early pluteus datasets, all the cell types 
demonstrated by previous studies to be present are also being recognized by our 
analysis. Additionally, an increasing cell type complexity as judged by the number 
and identity of the clusters across these two time-points is identified. This increasing 
cell type complexity is in line with the morphological differences of these subsequent 
developmental stages. For instance, one crucial difference is the anatomy of the gut 
that resembles a straight tube at gastrula stage, whereas at pluteus stage is 
compartmentalized to three distinct domains as an immediate result of sphincter 
formation. Furthermore, the larval digestive tract is equipped with cell types 
controlling its function, such as muscles and neurons. Moreover, the overall shape 
of the animal changes due to the formation of the ciliary band and skeletal rods. 
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Figure 3.10. FISH 
validation of the 
single-cell predicted 
patterns. FISH of S. 
purpuratus 2 dpf 
targeting the mRNA for 
Sp-FbsL_2 (A), Sp-Tph 
(B), Sp-Frizz5/8 (C), 
Sp-Bra (D), Sp-FoxABL 




Mlckb (J), Sp-MsxI (K), 
Sp-Brn1/2/4 (L), Sp-
Ahrl (M), Sp-ManrC1A 
(N), Sp-Pdx1(O), Sp-
Ptf1a (P), Sp-Foxl (Q), 
Sp-FoxA (R)). Color-
code indicates the germ 
layer origins: 
ectodermally derived, in 
blue, mesodermally 
derived, in red, and 
endodermally derived, 
in yellow. Nuclei are 
labeled with DAPI (in 
blue). All images are 
stacks of merged 
confocal Z sections.  
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Figure 3.11. Expression 
pattern of cell type-
specific gene markers (3 
dpf). FISH with specific 
antisense probes for the 
genes Sp-FbsL_2 (A), Sp-
Chrna9_4 (B), Sp-Frizz5/8 
(C), Sp-FoxABL (D), Sp-
Bra (E), SPU_006199 (F), 
Sp-FcolI/II/III (G), Sp-
Hypp_1249 (H), Sp-
Hypp_2386 (I), Sp-Mlckb 
(J), Sp-MsxI (K), 
SPU_008104 (L), Sp-Ahrl 
(M), Sp-Serp2; Sp-Serp3 
(N), Sp-Hnf4 (O), Sp-
Cyp2L42 (P), Sp-Rfxc1l 
(Q), Sp-Pdx1 (Q) and Sp-
Cdx (R).  
Immunofluorescent 
detection of acetylated 
tubulin (in green) is used 
to highlight that the Fbsl_2 
positive domain (A) is the 
ciliary band. Color-code 
indicates germ layer 
origins: ectodermally 
derived, in blue, 
mesodermally derived, in 
red, and endodermally 
derived, in yellow. Nuclei 
are labeled with DAPI (in 
blue). All images are 
stacks of merged confocal 
Z sections.  
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Figure 3.12. Validation of single-cell predictions for the 5 dpf dataset. FISH with 
specific antisense probes for the genes Sp-NeuroD1 (A), Sp-Tph (B), Sp-Opsin3.2 (C), Sp-
Trh (D), Sp-Hbn (D), Sp-Mlckb (E), Sp-Fbsl_2 (F), Sp-Hypp_1249 (H), Sp-Hypp_2386 (I), 
Sp-Mlckb (J), Sp-MsxI (K), SPU_008104 (L), Sp-Ahrl (M), Sp-Serp2; Sp-Serp3 (N), Sp-Hnf4 
(O), Sp-Cyp2L42 (P), Sp-Rfxc1l (Q), Sp-Pdx1 (Q) and Sp-Cdx (R). Immunofluorescent 
detection of the neuropeptide Sp-An (B). Color-code indicates germ layer origins: 
ectodermally derived, in blue, mesodermally derived, in red, and endodermally derived, in 
yellow. Nuclei are labeled with DAPI (in blue). All images are stacks of merged confocal Z 
sections.  
 
Figure 3.13. Cartoon showing the location of the identified cell types on different 
embryonic domains. Color-code is the same as in Figure 3.4. 




Figure 3.14. Cartoon summarizing the location of the identified cell types on different 
larval domains (3 dpf). Color-code is the same as in Figure 3.5. 
 
Interestingly, these changes can be traced in the scRNA-seq data. In detail, the 
gastrula scRNA-seq atlas contains 6 endodermally derived putative broad cell types, 
while the 3 dpf pluteus stage atlas consists of 9 cell types deriving from the 
endoderm. Two out of the three additional computationally generated cell types 
correspond to the pyloric and cardiac sphincters, a larval stage innovation. On the 
other hand, the third additional cell type derives from the differentiation of hindgut 
putative broad cell type into the intestine and anus' specialized domains.  
One interesting observation was that although gastrula and early pluteus stages are 
morphologically very different, consisting of different putative broad cell types, when 
the 2 and 3 dpf datasets were computationally integrated, similar cell types could be 
identified as if the 3 dpf dataset was analyzed alone (Figs. 3.15, 3.16). The only 
reported difference is that the cross-stages integration resulted in two additional 
immune system cell types compared to the 3 dpf larva's cell types only. In detail, the 
3 dpf dataset contains a single immune system putative broad cell type, while the 2 
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dpf one contains two corresponding to globular and pigmented cells. To understand 
whether these additional putative broad cell types in the cross-stages integrated 
dataset reflect the immune cell types found at gastrula stage or are present in both 
developmental points and their appearance as distinct cell types is a result of the 
increase of the initial amount of cells analyzed, further analysis was performed (Fig. 
3.17). Subclustering analysis of the single immune system cell type present at 3 dpf 
pluteus and plotting of known gene markers labeling distinct sea urchin immune 
system types resulted in the identification of 8 distinct immune system populations 
(Fig. 3.17 A, B), with two of the corresponding to pigment cells and globular cells as 
judged by the expression of the markers Sp-Pks1 and Sp-MacpfA2 respectively (Ho 
et al. 2017). To confirm whether the subclustering of a putative broad cell type is 
sufficient to predict subtypes accurately, a similar analysis was also performed on 
one of the best-characterized sea urchin cell types, the early pluteus skeletal cell 
type. It has been previously shown that PMCs along the syncytium have non-
universal patterns of genetic programs, and based on this, they were grouped into 
five classes (Sun and Ettensohn, 2014). Interestingly, the subclustering analysis of 
the 3 dpf pluteus skeletal broad cell type revealed five PMCs populations with 
distinct molecular fingerprint (Fig. 3.18), in line with that previous observation, 
building confidence that subclustering can reveal diverse subtypes. 
 
Figure 3.15. Data integration across developmental stages. UMAPs overlay by original 
identity showing the overlap of the different biological and technical replicates for 2 dpf and 
3 dpf developmental stages. 




Figure 3.16. UMAP showing the common between gastrula and pluteus putative 
broad cell types. Each putative broad cell type is being represented with a different color. 
 
Selecting the 3 immune system clusters present in the merged dataset and plotting 
the objects against their original identity showed that cells from both developmental 
time-points participate in forming those clusters (Fig.3.17 C). This observation leads 
to the conclusion that the increased amount of cells used for the analysis when 
merging the datasets from the two different time-points influences the clustering 
allowing the identification of transcriptomic differences that otherwise could only be 
revealed by subclustering. It also confirms the choice of using the term putative 
broad cell type since this clearly demonstrates that computationally produced 
clusters do not correspond to 1:1 cell types in vivo. Nonetheless, the observation 
that cells from two morphologically different developmental stages share enough 
transcriptomic similarities allowing them to cluster, overlap, and form similar 
clusters, suggests that gastrula cells acquire the transcriptomic signature present in 
plutei cell types before any morphological difference is evident.  
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Figure 3.17. Comparison of the immune cell population. A) UMAP showing 8 different 
immune cells populations at 3 dpf larval stage. B) Dotplot showing gene markers known to 
be differentially expressed in distinct immune cell populations. Pigment cells (purple) and 
globular (yellow) cells gene markers are highlighted. C) UMAPs overlay by original identity 
showing the cellular composition of the Pigment cells 1, Pigment cells 2, and Globular cells 
that were generated by integrating the 2 and 3 dpf datasets. 
 
Another interesting observation concerns the cell type composition of the 5 dpf 
pluteus dataset.  Surprisingly, although the main cell types expected to be present 
such as immune cells, skeleton, neurons, muscles, and epithelial cells (ciliary band, 
apical plate, oral and aboral ectoderm) are present, major cell types patterning the 
digestive tube such as specialized stomach domains and sphincter cells are 
missing. Considering that these specialized cell types are present in the 3 dpf 
dataset and that are essential components of the digestive tract, their absence from 
the 5 dpf dataset is most likely due to technical issues and not related to the 5 dpf 
pluteus's biology. An explanation for this could be that for all scRNA-seq libraries 
constructed; fasted larvae were used to ensure no algal contamination from the food 
would be present. As mentioned in chapter 1, the feeding process is initiated once 
the larva’s mouth is formed, approximately between 66-72 hours post-fertilization 
(hpf). As a result, the absence of food can only have a biological effect only after 
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3dpf.  Taken together, this suggests that the lack of differentiated digestive tube cell 
types in the 5dpf pluteus dataset might be a direct result of the larvae being fastened 
and that gut cell types began to deteriorate.  
 
 
Figure 3.18. Skeletal subclustering at 3 dpf pluteus stage. Dotplot showing the average 
expression of 22 skeletal gene markers and their distribution among 5 skeletal subtypes, as 
demonstrated in Sun and Ettensohn, 2014. 
 
Another simple explanation may be that capturing and sequencing more biological 
replicates is needed to fully reconstruct the cell types in place as cells from only two 
biological replicates were used. The total number of the 5 dpf pluteus is estimated 
between 3,000 to 4,000 cells, which is a much greater number compared to the 
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1,500 cells estimated to be present in the 3 dpf early pluteus, suggesting that more 
sampling is needed to extract the same level of information as for the rest of the 
developmental stages. Due to this uncertainty on the exact cell type composition, 5 
dpf dataset was excluded from further analysis.  
 
3.1.4. ScRNA-seq as a tool to identify novel expression patterns 
 
ScRNA-seq data can be used as a tool to identify complex and rare gene expression 
patterns across cell types. In order to assess the power of the scRNA-seq approach, 
two different strategies were followed. The first one was to choose genes with well-
known expression patterns and examine which are the scRNA-seq predicted 
domains. The second strategy was based on usage of genes described to be 
functioning or expected to be present in a given cell type, but with low expression 
levels and thus undetectable by in situ hybridization.     
The already described neuronal gene markers Sp-Sip1, Sp-SoxC, Sp-Hbn, and the 
skeletal gene marker Sp-Fgf9/16/20 are known to be present at 3 dpf larva were 
chosen. Our scRNA-seq analysis of this developmental stage, combined with the 
high-resolution FISH protocol developed in the lab in which this thesis was carried 
out, allowed the identification of novel expression domains for those genes. These 
novel expression patterns were either never described before or were considered 
to be a non-specific signal.  
The scRNA-seq analysis predicts the transcription factors Sp-SoxC and Sp-Hbn, 
both shown to be involved at the early steps of neuronal specification (Garner et al., 
2016, Wei et al., 2016, Yaguchi et al., 2016), to be present in neurogenic territories 
as well as in novel domains such as skeletal cells (Fig. 3.19 A). Indeed, in situ 
hybridization of Sp-SoxC and Sp-Hbn verified their expression in PMCs (Fig.3.19 
B). Furthermore, FISH for Sp-Hbn combined with immunostaining using the anti-
msp130 antibody, which labels PMCs explicitly along the skeletal rods (Harkey et 
al., 1992), verified the expression of Sp-Hbn in skeletal cells (Fig. 3.19 C). Sp-Sip1 
has been used as a positive control since it has been previously demonstrated in 
another sea urchin species to have an intricate expression pattern spanning from 
neurons to skeleton (McClay et al., 2018). Likewise, the FGF signaling ligand, Sp-
Fgf9/16/20, is involved in the skeletal formation and expressed in specific PMCs 
populations (Adomako-Ankomah and Ettensohn, 2014). Similarly, scRNA-seq 
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verified the expected skeletal expression domain while added oral ectoderm, 
cardiac sphincter, intestine, and anus as additional expression domains (Fig. 3.19).  
Therefore, it is evident that scRNA-seq can predict complex gene expression 
patterns previously challenging to detect by in situ hybridization. 
Based on the observation that scRNA-seq can predict complex and novel 
expression patterns, I set out to investigate the detection limits by in situ 
hybridization versus scRNA-seq. To this end, two case studies were chosen. The 
first concerned the maternal transcription factor Meis, which was shown to regulate 
the patterning along the embryo's anterior/posterior axis and to be essential for 
maintaining the neurogenic ectoderm fate in the sea urchin species Hemicentrotus 
pulcherrimus (Yaguchi et al. 2018). Although an exact role in regulating 
neurogenesis and determining the anterior neuroectodermal fate was 
demonstrated, its low expression levels did not allow the localization of Meis 
transcripts by in situ hybridization in any specific domain. Plotting for the average 
expression of Sp-Meis across the three developmental points analyzed in this thesis 
led to identifying specific cell types expressing it. In detail, Sp-Meis transcripts were 
detected in various cell types across development, including the expected but not 
demonstrated so far anterior neuroectoderm and apical plate putative broad cell 
types (Fig. 3.20).  
The second case study concerned the 3 dpf coelomic pouch cell cluster. The 
coelomic pouch is the mesodermal part of the larva that will grow into the rudiment 
and give rise to the juvenile sea urchin after metamorphosis (Strathmann 1987, 
Smith et al. 2008). The formation of the coelomic pouch is a complex and highly 
regulated procedure, and it has been demonstrated that small micromeres 
contribute to this process and the juvenile itself (Strathmann, 1987). In an attempt 
to characterize this population, a study by Juliano et al. demonstrated that several 
genes involved in germline determination and maintenance in a variety of organisms 
are present in the small micromeres and the coelomic pouch of the sea urchin 
embryo (Juliano et al., 2006). On the other hand, other germ line gene candidates 
tested by in situ hybridizations were either not expressed or enriched in this cell 
type.  
Interestingly, when the average expression of candidate genes from those studies 
(Juliano et al. 2006, Luo and Su 2012, Martik and McClay 2015) were plotted, their 
transcripts were found enriched in the coelomic pouch cell cluster (Fig. 3.21). 
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Figure 3.19. Novel expression patterns of known gene markers at 3 dpf pluteus stage. 
A) Dotplot showing the average expression of Sp-Sip1, Sp-SoxC, Sp-Hbn, and Sp-
Fgf9/16/20 validating the already described expression patterns while predicting novel 
ones. The putative broad cell types are grouped according to their developmental origins. 
B) FISH for the genes Sp-SoxC (B1-B2), Sp-Hbn (B4-B5), and Sp-Fgf9/16/20 (B7-B8) in 
line with the scRNA-seq predictions. Cartoons depicting the overall expression domains of 
Sp-SoxC (B3), Sp-Hbn (B6), and Sp-Fgf9/16/20 (B9). C) FISH using antisense probe for 
Sp-Hbn paired with immunostaining for Msp130. DAPI labels the nuclei (in blue). All images 
are stacks of merged confocal Z sections. A, Anus; Cs, Cardiac sphincter; M, Mouth; I, 
Intestine; PMCs: Primary mesenchyme cells; Ps, Pyloric sphincter; St, Stomach. 
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Figure 3.20. ScRNA-seq reveals the expression of a gene previously undetectable by 
in situ hybridization. Dotplot is showing the expression domain of the transcription factor 
Meis.  
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Figure 3.21. ScRNA-seq reveals novel expression patterns of genes. Dotplot of genes 
known for their involvement in germline determination in other species are all enriched in 
coelomic pouch cells. 
 
Taken together, the analyses concerning the expression pattern prediction for 
known genes, and previously undetectable by in situ hybridization genes suggest 
that i) scRNA-seq data can accurately predict gene expression patterns, ii) 
combination of scRNA-seq and visualization techniques such as 
immunohistochemistry and FISH can be used to reveal novel gene expression 
patterns, and iii) that scRNA-seq technology offers higher detection ability compared 
to the in situ hybridization.   
 
3.1.5. Characterization of the early pluteus larva 
 
Since this initial analysis allowed the successful recognition of the cell types present 
in all three datasets, the focus was shifted towards further analyzing the 3 dpf early 
pluteus dataset. The reasons for this lie in the lack of extensive regulatory and 
molecular analysis available at this developmental time-point and the presence of 
fully differentiated cell types. Moreover, this is a milestone stage of sea urchin’s life 
cycle by being the first free-swimming and feeding larval stage. 
   P a g e  | 95 
 
 
Figure 3.22. Proliferation status and dynamics of the larval cell types. A) Dotplot 
showing the average expression of genes encoding for cdk1, pcna, DNA polymerases, DNA 
ligases, condensins, and centromere proteins. Yellow boxes indicate highly proliferative cell 
types. B) Proliferating cells, as indicated by EdU labeling. B1) 3 dpf larva stained with EdU 
and the skeletogenic marker Msp130. B2) Selected confocal sections of a larva in oral view 
labeled with EdU. B2’) Different confocal sections showing the same larva as in B2 in oral 
view stained with EdU. B3) Larva labeled with EdU and the endodermal marker 5c7. Abo: 
Aboral ectoderm; Ap: Apical plate; Cb: Ciliary band; Es: Esophagus; Oe, Oral ectoderm; St: 
Stomach 
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Most differentiated cell types can proliferate to replenish cells that have been lost 
due to injury or cell death, while some lose the proliferation ability once 
differentiated. To investigate which putative broad sea urchin cell types are actively 
proliferating, I plotted genes such as pcna, DNA polymerases, DNA ligases, 
condensins, and centromere proteins shown to be involved in sea urchin cell 
proliferation (Perillo et al., 2020). The majority of those genes were enriched in the 
ciliary band, apical plate, coelomic pouch, immune, skeletal cell clusters, and 
several endodermally derived cell types (Fig. 3.22 A). Validation of those predictions 
was performed using Edu pulse labeling for 2 hours, followed by 
immunohistochemical detection of the endodermal marker 5c7 (Wessel and McClay 
1987) and the skeletogenic cells marker Msp130 (Fig. 3.22 B). That set of 
experiments revealed that S-phase cells were detected in the same cell types, as 
predicted by the scRNA-seq data, while cell types predicted not to proliferate, such 
as the aboral ectoderm cell cluster, did not show any Edu related fluorescence. 
 
3.2. Identification of different regulatory states at 3 dpf   
 
The transcription factor content is what provides and maintains the identity of a given 
cell type. To unravel the regulatory states of the identified putative broad cell types, 
a comparison of the different transcription factor cocktails present within the different 
cell types was performed. Doing so, all the different broad cell types were merged 
to artificially generate the three germ layers from which it has been previously 
demonstrated they come from (Cameron et al., 1987, McClay, 2011).  
Due to the stereotypic development of the sea urchin embryo/larva and taking into 
account a recent study performed by Sladitschek and co-authors, demonstrating 
that the single cell transcriptomes contain information about the lineage from which 
individual cells come from (Sladitschek et al., 2020), it was hypothesized that the 
same applies in this case. Moreover, a ClusterTree analysis, incorporated in the 
Seurat clustering analysis computational package, was performed in order to 
compare the different cell types (Fig. 3.23). ClusterTree compares the different cell 
types and shows this comparison's results in the form of a tree. The resulting tree 
reflects the relationship of an 'average' cell from each identity class and is estimated 
based on a distance matrix constructed in gene expression space. The tree 
generated here suggested that most of the endodermally derived cell types seem to 
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be highly related, while anal and intestinal clusters seem to cluster more with 
ectodermal and mesodermal putative broad cell types. Nonetheless this tree shows 
that several developmentally linked cell types such as stomach, pyloric, exocrine 
and cardiac sphincter coming from the endoderm as well as apical plate, aboral 
ectoderm, ciliary band and upper oral ectoderm cells coming from the ectoderm 
seem to be transcriptionally similar to each other. 
Figure 3.23. Several cell type 
developmental origins can 
be reflected by scRNA-seq, 
ClusterTree showing the 
grouping of the putative cell 
types.  
 
Comparing the transcription 
factor content of the cell 
types deriving from 
ectoderm, mesoderm and 
endoderm revealed that 
only a few of them are germ 
layer-specific, and the 
majority of them seems to 
be expressed in derivatives 
of more than one germ 
layer. The three germ layers 
share 187 TFs, 
approximately 1/3 of their 
transcription factor toolkit 
(Fig. 3.24). Interestingly, 
mesodermal cell types 
seem to share a higher number of transcription factors with ectodermal rather than 
endodermal ones, with which they have tightly linked developmental origins. 
Depending on the comparison, cell types derived from the same germ layer seem 
to share a significant amount of TFs (1/3 in most cases), whereas most of them 
seem to be cell type-specific (Fig. 3.24 B, D & E).  
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Figure 3.24. Regulatory states of the 3 dpf S. purpuratus larva. A) Comparison of the 
transcription factor content per germ layer. Venn diagram indicating the shared and unique 
transcription factors per germ layer. Ectodermally derived cell types are shown in blue, 
mesodermally derived in red, and endodermally derived in yellow. B) Comparison of the 
transcription factor content across mesodermal lineage. Venn diagram showing the shared 
and unique transcription factors per comparison. C) Transcription factor content comparison 
of the pyloric sphincter (endodermally derived) and skeletal cells (mesodermally derived), 
used as a negative control of our comparison. D) Comparison of the transcription factor 
content per endodermal lineage and endodermally derived cell types. Venn diagram 
showing the shared and unique transcription factors per comparison. E) TF signature 
comparison of ectodermally derived cell types. Venn diagram showing the shared and 
unique transcription factors per comparison. Cartoons indicated the relative position of each 
cell type/lineage. Mesodermal cell types/lineages are shown in shades of red, endodermal 
ones in shades of yellow and endodermal ones in shades of blue. 
 
Another observation that arises from this analysis is that neighboring cell types, and 
in most cases, cell types with common developmental origins, share a larger number 
of TFs (Fig. 3.24 D) than cell types specified independently. An example of this is 
the skeletal and pyloric sphincter cells that have independent developmental 
histories and seem to share only seven transcription factors (Fig. 3.24 C). 
The larval cell types' regulatory profile was further analyzed by identifying the 
expression domains of members of significant TF families (Fig. 3.25). The S. 
purpuratus Homeobox transcription factor family was amongst the first to be 
identified in this species. Howard-Ashby and co-authors demonstrated that most of 
them are already expressed by the gastrula stage (2 dpf) and that several Hox family 
members are expressed in domains deriving from all three germ layers (Howard-
Ashby et al., 2006). The 3dpf single cell analysis supports the same notion by 
providing missing information on the Homeobox TF expression's 
compartmentalization to different cell types. Plotting of all the Hox family 
transcription factors detected in the early pluteus dataset revealed that most of the 
Homeobox classes are enriched in ectodermally derived cell types such as the 
apical plate and neurons, whereas members of the HOXL subclass of the ANTP 
Class and the HNF class appear to be enriched in the endodermally derived cell 
types (Fig. 3.25). Other prominent transcription factor families, including the 
Forkhead and Ets, shown to be expressed throughout sea urchin embryogenesis 
(Rizzo et al. 2006, Tu et al. 2006), also appear to be expressed in a broad cell type 
spectrum (Fig. 3.25). In more detail, Forkhead transcription factors are highly 
expressed in specific cell types of all three germ layer derivatives (Fig. 3.25), 
whereas the Ets family TFs are enriched in the ectodermally and mesodermally 
derived cell types (Fig. 3.25). 
   P a g e  | 100 
 
 
Figure 3.25. Expression domains of the transcription factor family members. Dotplot 
showing the average expression of members of the Homeobox, Forkhead, and Ets 
transcription factor families. Each cell type's developmental origins are color-coded, blue 
for ectodermally derived, red for mesodermally derived, and yellow for endodermally 
derived ones. 
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The active regulatory state of a given cell type is an immediate consequence of the 
GRN wiring that cell type at a given time point. Over decades of sea urchin research, 
a significant amount of GRNs has been disentangled, focusing mostly on the TFs 
that are an essential part of them. In this PhD work, two already described gene 
regulatory modules and one GRN were used to show how scRNA-seq can be used 
to identify gene regulatory modules and possible novel domains of expression and 
thus novel function.  
The first gene regulatory module tested was identified by Martik et al., and it was 
shown to control the homing of the small micromeres to the coelomic pouches while 
being similar to the gene regulatory module controlling retinal specification in the 
fruit fly (Martik and McClay 2015). Using the single-cell atlas to plot the genes that 
constitute this module resulted in their identification in the coelomic pouch cell type 
as previously demonstrated, as well as to a novel domain: the apical plate, 
suggesting that the same module might be operating in this additional domain (Fig. 
3.26 A). Similarly, when plotting genes wiring the aboral ectoderm gene regulatory 
module (Ben-Tabou de-Leon et al. 2013), all of the genes were present in the aboral 
ectoderm broad cell type as well as in the apical plate one (Fig. 3.26 B).  
In the case of the skeletogenic GRN, drafted at pre-gastrula stages, which is 
amongst the most well-characterized GRNs of a sea urchin differentiated cell type, 
plotting of its gene members (Ettensohn 2020) revealed that most of its components 
are still active at the pluteus stage and differentially expressed in the skeletal broad 
cell type (Fig. 3.26 C).  
Finally, gaining confidence that the 3 dpf scRNA-seq dataset accurately predicts 
GRN wirings and complex molecular fingerprints, the single cell information was 
used to recreate a previously published endodermal gene expression atlas 
reconstructed at the same developmental stage (Annunziata et al., 2014). Strikingly, 
the scRNA-seq based atlas is almost identical to the one generated via applying 
traditional molecular biology techniques while simultaneously adding more 
information on the average expression and the percentage of cells expressing those 
gene markers (Fig. 3.27).  
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Figure 3.26. Validation of preexisting GRNs and putative novel function of specific 
gene regulatory modules. A) Dotplot showing the average expression of genes involved 
in the homing of the small micromeres to the coelomic pouch gene regulatory module. The 
average expression of genes involved in this module is detected in the coelomic pouch 
putative cell type as previously described and in a novel domain: the apical plate. B) Dotplot 
of the expression pattern of genes involved in an aboral ectoderm gene regulatory module. 
All members are present in the aboral ectoderm putative cell type as well as the apical plate 
one. C) Pre-gastrula gene regulatory network. Asterisks indicate larval genes involved in 
biomineralization, putative members of this GRN.  
 
   P a g e  | 103 
 
The inconsistency of that very first endodermal cells atlas with the scRNA-seq one 
derives from the fact that the in situ hybridization atlas was based on the investigated 
genes' topological expression not taking into account that several endodermal 
domains harbor more than once cell types. For instance, the mRNAs for the 
transcription factor SoxC were detected by in situ hybridization in the esophageal 
region, and thus SoxC was considered an esophageal domain molecular marker. 
ScRNA-seq shows that although SoxC is expressed in the esophageal region, it is 
expressed in cells adopting a neuronal fate, rather than an esophageal one.  
 
 
Figure 3.27. Endodermal cell types at a single-cell resolution. Dotplot showing the 
average expression of marker genes labeling specific endodermal regions. scRNA-seq 
prediction recapitulates the previously described compartmentalization of gene expression 
















Neuronal diversity during sea urchin development 
 
In this chapter, I continue my analysis to investigate the extent of neuronal diversity 
during sea urchin development, as indicated by the scRNA-seq data. After I 
successfully recognized the cell type content of the developmental time-points of 
interest, I set out to provide a thorough characterization of the embryonic and larval 
nervous system. This chapter contains the results of this analysis ranging from a 
general characterization of the neuronal types and identity to describing specialized 
neuronal types. Detailed results discussed in this chapter can be found in the Non-
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4.1. Untangling neuronal diversity 
 
Nervous systems control all aspects of animal development and response to 
environmental stimuli, and their organization is a crucial feature of animal body 
plans. Diverse neurons regulate distinct processes, and their function results in the 
generation of specific behaviors.  
Independently of their identity, all neurons arise from neural progenitors and stem 
cells through neurogenesis. Neurogenesis occurs during embryonic development in 
domains with neurogenic potentials in which the developmental program of neural 
progenitor cells diverges to give rise to a distinct neuronal type. Sea urchin 
neurogenesis has been described at a molecular level, and it is evident that sea 
urchin neurogenesis uses a bilaterian conserved “toolkit” (Hartenstein and 
Stollewerk 2015).  
This toolkit consists of a generalized expression of proneural transcription factors 
controlled by Delta-Notch lateral inhibition (e.g., SoxB) that, due to restrictive 
mechanisms (Wnt and Tgf-β signalings), is limited to specialized neuroectodermal 
domains (anterior neural ectoderm, ANE, and ciliary band). Those ectodermal cells 
are destined to directly differentiate to epithelial sensory neurons and ganglia, with 
the ANE cells producing more neurons. 
In most cases, neuronal communication is based on an electric current. The action 
potential, produced by one neuron, travels along the axon towards the nerve 
terminal, where it causes calcium-dependent fusion of synaptic vesicles containing 
neuromodulators with the plasma membrane causing their release in the synapsis. 
Neuromodulators (neurotransmitters and neuropeptides) bind to their receptors 
expressed by the target cells and initiate an intercellular signaling response. This 
form of chemical signaling arose during the earliest evolution of living forms as a 
means of cell communication. Neuromodulators are present in all organisms studied 
so far, including organisms that lack a nervous system.  For instance, 
neuromodulators have been found in unicellular organisms with a 
chemotactic/chemorepellant role in plants as well as sponges and placozoans 
(reviewed in D’Aniello et al. 2020). The presence of the 
neuropeptidergic/neurotransmitter signaling in taxa without a nervous system 
suggests that this endocrine system predates the formation of the nervous system. 
Moreover, it highlights its dominant role in cell communication since 
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neurotransmitters and receptors had to go through strong evolutionary forces and 
evolved parallel to retain the signaling transduction ability (Hoyle 2011). 
Most nervous system components have been classified based on the combination 
of different neuromodulators that a neuron produces. Thus, the understanding of the 
neuromodulators a neuron produces contributes to identifying its function.  
The sea urchin nervous system has been among the first echinoderm cell types to 
be characterized at a molecular level, yet the mechanisms that give rise to diverse 
neuronal types and their number remain partially unknown.  
The echinoderm nervous system organization is a distinguishing feature among 
other deuterostomes. Both the adult and the larva sea urchin have nervous systems 
thought to be completely independent (Burke et al. 2006). The echinoderm nervous 
systems are decentralized, but they are not a simple nerve net since the radial 
nerves are segmentally organized. Extensive work has been carried out to identify 
the signaling cascades that guide neuronal specification and the subsequent events 
that occur during neuronal differentiation. However, this is limited to describing 
broad neuronal classes based on the detection of neuropeptides, neurotransmitters, 
and enzymes involved in their biosynthesis. Such studies revealed that the sea 
urchin larva consists of neurons originating from the ectoderm placed within the 
apical domain, or scattered throughout the ciliary band, as well as close to it, and 
endodermally derived neurons that pattern the esophageal region, sphincters, and 
control muscle contraction (Fig. 4.1).  
 
 
Figure 4.1. The stages of neurogenesis in sea urchin embryos. Neural progenitors are 
present at blastula (1 dpf) stage in the anterior neuroectoderm and in cells where the post-
oral arms will form. These progenitors will give rise to neural precursors in the same 
domains at gastrula (2 dpf), while precursors for ciliary band neurons arise in the ciliary 
band or the oral and aboral ectoderm near the ciliary band. At pluteus stage (3 dpf), the 
nervous system is formed, and extensive neuronal projections are evident all around the 
ciliary band and the apical plate of the larva  (Garner et al. 2016). 
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Previous genome-based studies identified genes encoding for transcription factors 
and signalings involved in neurogenesis, neuromodulators, and synaptic release 
machinery associated genes, providing a broad view of the sea urchin nervous 
system. The majority of information regarding sea urchin neurogenesis and 
neuronal diversity comes from studies carried out in various sea urchin species, 
developing the bias that the same neuronal types are present across sea urchins. 
A recent study by Massri et al., in which the authors identified gene expression 
heterochronies between the two sea urchin species S. purpuratus and Lytechinus 
variegatus, that vary in magnitude and are present throughout development in all 
germ layer derivatives (Massri et al. 2020). This observation supports the possibility 
of nervous system diversification across sea urchin species since heterochronic 
events, if not buffered at a gene regulatory level, could lead to diverse specification 
pathways and different neuronal types.  
The most recent information on S. purpuratus embryonic and larval neuronal 
diversity comes from Wood et al., 2018. The authors used co-expression analyses 
of novel neuromodulators and identified two distinct neuronal types at 2 dpf gastrula 
and seven at 3 dpf pluteus developmental stages. In more detail, the authors found 
that the two neuronal types identified at gastrula stage are spatially associated with 
the apical plate and oral ectoderm. In contrast, regarding the pluteus stage, they 
found an apical organ, an oral distal, a post-oral, a lateral ganglia, two associated 
with the mouth, and one midgut neuronal populations (Fig. 4.2).   
In this chapter of the PhD thesis, I focus my attention on investigating the embryonic 
and larval nervous system organization by using the already published and available 
information combined with targeted analyses of the neuronal associated putative 
broad cell types.  
Despite the report of various neuronal populations present at gastrula and early 
pluteus stages, the initial clustering analysis and annotation based on publicly 
available neuronal gene markers concluded the presence of a single neuronal broad 
cell type (Fig. 4.3). This suggests that either the different neuronal types described 
so far are mostly transcriptionally similar or that the number of cells captured is 
insufficient to reveal these differences. Furthermore, integration of the 2 and 3 dpf 
datasets, which leads to a higher number of analyzed cells, still produces only one 
neuronal putative cell type (Fig. 4.3).  
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Figure 4.2. Neuronal types present at 2 and 3 dpf of S. purpuratus development. A) 
Schematic representation of 2 dpf gastrula embryo showing the different neuronal types 
present based on their neuromodulator content. B) Schematic representation of a 3 dpf 
pluteus larva from a ventral lateral point of view. C) Schematic representation of a 3dpf 
pluteus larva from an oral point of view. AP (Apical Plate), AbE (Aboral Ectoderm), OE (Oral 
Ectoderm), A (Archenteron), AO (Apical Organ), CB (Ciliary band), M (Mouth), FG 
(Foregut), MG (Midgut), and HG (Hindgut) (Figure from Wood et al. 2018).  
  
It has been previously demonstrated that that neuronal specification and several 
differentiation steps occur through a similar gene regulatory toolkit in S. purpuratus 
and L. variegatus sea urchin species (Figs. 4.5 and 4.6). Taken together, these data 
favor the hypothesis that the differentiating/differentiated neuronal types are 
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transcriptionally very similar, explaining the presence of only one neuronal cluster 
at gastrula and early pluteus stages. 
 
 
Figure 4.3. Neuronal putative broad cell type. UMAP of the single neuronal putative 
broad cell type at 2 dpf gastrula (magenta) and 3 dpf pluteus (green) stages. The integration 
of the two datasets still results in the formation of one neuronal cluster (blue) and a similar 
UMAP coming from the integration of the 2 and 3 dpf datasets. 
 
To investigate this, subclustering and re-analysis of the neuronal broad putative cell 
types at gastrula and early pluteus time points were performed. To maximize the 
amount of information we could retrieve from this analysis, a resolution of 1.9 was 
chosen, which produces the highest number of clusters, while at the same time, 
each cluster consists of five or more cells. This resulted in the subclustering of the 
single neuronal cluster into 6 gastrula and 12 early pluteus neuronal populations 
(Fig. 4.4).  
Next, in order to identify the neuronal types revealed by the subclustering analysis, 
I took advantage of the existing information on sea urchin neurogenesis and 
neuronal differentiation (Burke et al. 2006, Wei et al. 2009, Garner et al. 2016, Wei 
et al. 2016, McClay et al. 2018, Perillo et al. 2018, Wood et al. 2018) and selected 
known gene markers in an attempt to identify the different neuronal populations. 
Plotting genes involved in sea urchin neurogenesis, neuronal differentiation, 
neurotransmitters, and neuropeptides that hint distinct neuronal function allowed the 
identification of the molecular signature of the distinct neuronal subtypes and the 
recognition of their spatial location on the embryo and larva.  
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Figure 4.4. Subclustering analysis reveals multiple neuronal populations. A) The 
single neuronal cluster from the 2 dpf gastrula dataset contains 6 transcriptionally distinct 
populations. B) The single neuronal cluster from the 3 dpf pluteus dataset contains 12 
transcriptionally distinct populations. 
 
The sea urchin neuronal differentiation pathway has been described in great detail, 
and it has been shown to go through a stepwise differentiation program (Fig. 4.5) 
that includes the transient expression of the Notch ligand Delta followed by the 
expression of the transcription factors SoxC and Brn1/2/4 (Garner et al., 2016).  
 
 
Figure 4.5. Neuronal differentiation cascade in sea urchin. The transcription factor 
SoxC is activated in isolated neural precursors, which are dividing (circular arrow), and 
some start to express the Notch ligand Delta and are subject to lateral inhibition. SoxC is 
required for the development of all neuronal types, while the expression of the transcription 
factor Brn1/2/4 depends on SoxC. All developing neurons express Brn1/2/4 while 
developing serotonergic (Tph positive) neurons also express the transcription factor Z167 
(Wei et al. 2016).  
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The transcription factors Sip1, Z167, Ngn, and Otp are shown to be involved in the 
final steps of the differentiation pathway (Fig. 4.6) that will give rise to diverse 
neuronal populations, including apical and ciliary band neurons (Wei et al. 2016, 
McClay et al. 2018). The more in-depth characterized neuronal population is the 
apical organ serotonergic neurons that are already in place at 2 dpf gastrula and 
appear as 2-4 bilateral pairs of cells. 
 
 
Figure 4.6. GRNs guiding neurogenesis in the sea urchin L. variegatus. Neuronal 
specification GRNs and their common components guiding the specification of neuronal 
progenitors at the three neurogenic domains of the embryo (McClay et al. 2018).  
 
The 2 dpf gastrula dataset, subclustering analysis revealed 6 distinct neuronal types 
deriving from the single neuronal putative cell type. Plotting of the known gene 
markers and performing in situ hybridization and IHC experiments allowed the 
identification of the neuronal clusters and mapping them back on distinct embryonic 
domains.   
According to the average expression of the Sp-Delta, Sp-SoxC, and Sp-Brn1/2/4, it 
seems that one neuronal population corresponds to developing neurons that are 
undergoing differentiation (Fig. 4.7A). FISH of Sp-Brn1/2/4 and Sp-SoxC (Fig. 4.7 
B3, B5) revealed that most of the Sp-SoxC and Sp-Brn1/2/4 cells are in the oral 
ectoderm and endodermal domains suggesting the developing neurons population 
also reside in those domains. On the other hand, the average expression of the 
transcription factors Sp-Nkx2.1, Sp-Fez, Sp-Z167, Sp-Hbn, and Sp-Rx suggests 
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that the rest of the populations that arise from the subclustering analysis are 
associated with the anterior neuroectoderm region (Fig. 4.7A). 
 
 
Figure 4.7. Neuronal complexity of the 2 dpf S. purpuratus embryo. A) Dotplot showing 
the average expression of signaling molecules and transcription factors involved in sea 
urchin neurogenesis/neuronal differentiation as well as neurotransmitter and 
neuropeptidergic pathways. B) FISH of S. purpuratus 2 dpf embryos with specific antisense 
probes for the neuronal genes Sp-Tph (B1-2), Sp-Brn1/2/4 (B3), Sp-An (B3), Sp-Otp (B4), 
Sp-SoxC (B5), and Sp-Trh (B6). FISH shown in figure B2 is paired with 
immunohistochemical detection of the transcription factor Sp-Nkx2.1. Nuclei are labeled 
with DAPI (in blue). All images are stacks of merged confocal Z sections. B, blastopore; G, 
gut. Note: Sp-An appears twice in the plot since two WHL IDs (transcripts) correspond to 
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Furthermore, the average expression of the rate-limiting enzyme in serotonin 
biosynthesis (Sp-Tph) reveals that two out of the five ANE-associated neurons are 
serotonergic, produce the neuropeptide AN, and one of them is positive for the 
transcription factor Sp-Nkx2.1 (Fig. 4.7A). The predicted spatial distributions of Sp-
Tph, Sp-An, and Sp-Nkx2.1, are validated by FISH and IHC experiments (Fig. 4.7 
B1, B2, and B3).   
Sp-Trh is expressed in a neuronal population flanking the larva's apical organ, 
although its expression pattern was not investigated at 2 dpf gastrula stage. ScRNA-
seq data suggest that Sp-Trh is indeed expressed, and those predictions were 
validated by FISH, which revealed Sp-Trh transcripts being present in the anterior 
neuroectoderm region (Fig. 4.7 B6).  
Taking advantage of all the available data and the experiments and analysis 
performed in this thesis allowed the mapping of all the neuronal populations back to 




Figure 4.8. Identification of neuronal populations. A) UMAP showing 6 distinct 
populations as revealed by our subclustering analysis. B) Schematic representation of the 
2 dpf gastrula showing the localization of the different neuronal populations. Color-code is 
consistent with the subclustering analysis. ANE, anterior neuroectoderm 
 
The scRNA-seq approach applied in this thesis allowed the expansion of the number 
of different neuronal types present at the S. purpuratus gastrula stage and increased 
our understanding of the nervous system complexity as it expands the number of 
neuronal types present at this stage, from the two described in the Wood et al. 2018 
study to six. The six neuronal types I identified agree with the ones identified by 
Wood et al. 2018 in terms of spatial distribution in two domains: the oral ectoderm 
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and anterior neuroectoderm. What our approach adds to this, is the identification of 
the molecular signature complexity of the nervous system by assessing the pool of 
genes expressed by each neuronal population rather than testing the expression 
pattern for individual gene candidates that are expressed in more than one neuronal 
population.  
Next, I set out to investigate the neuronal diversity of the 3 dpf early pluteus dataset, 
and to do so, I applied a similar approach as for the 2 dpf gastrula stage by 
interrogating the scRNA-seq data for sea urchin neuronal genes and validating the 
computational predictions (Fig. 4.9) with FISH and IHC (Fig. 4.10).  
Sp-Delta, Sp-SoxC and Sp-Brn1/2/4 transcripts co-localize in two neuronal 
populations suggesting that neuronal differentiation occurs within those two sub-
clusters (Fig. 4.9). Interestingly, in one of these populations, Sp-Rx, Sp-Hbn (Fig. 
4.10 J), and Sp-Six3 (Fig. 4.10 P) transcripts, known to be expressed in the 
periphery of the larva’s apical domain (Burke et al., 2006, Wei et al., 2009), were 
found. This suggests that this population is located in the apical plate's periphery 
and not within the apical organ itself. In the same domain, another neuronal type 
was detected that corresponds to a distal apical plate neuronal population, which is 
known to be double positive for the Sp-Trh and Sp-Salmfap neuropeptides (Wood 
et al. 2018). Additionally, both scRNA-seq and FISH confirm that a third 
neuropeptide Sp-Kp (Kissepeptin) is all expressed in the same neuronal type (Fig. 
4.10 Q). 
In total, we identified three neuronal populations located in the apical domain of the 
larva that express tryptophan hydroxylase (Tph), suggesting that those are the 
serotonergic neurons of the larva (Figs. 4.9 and 4.10 M), while one also produces 
the neuropeptide Sp-An (Figs. 4.9 and 4.10 M). The ciliary band is hypothesized to 
be equivalent to a peripheral nervous system, supporting neurogenesis and 
harboring sensory neurons (Slota et al., 2020). From this analysis, two distinct 
cholinergic populations within the ciliary band were found (Fig. 4.9), one of which 
expresses the enzyme involved in acetylcholine biosynthesis (Sp-Chat) and the two 
nicotinic acetylcholine receptors Sp-Nacha6 and Sp-Chrna9 (Fig. 4.10 G, I). 
Additionally, a neuronal subtype associated with the ciliary band was identified, 
which neurons are placed close to the ciliary band and corresponds to the lateral 
and post-oral neurons as judged by the presence of Sp-AN neuropeptide (Wood et 
al. 2018) (Fig. 4.10 A, B, C, H, N).  
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Figure 4.9. Neuronal diversity at 3 dpf S. purpuratus pluteus larva. Dotplot showing the 
average expression of signaling molecules and transcription factors involved in sea urchin 
neurogenesis/neuronal differentiation as well as neurotransmitter and neuropeptidergic 
pathways. Color-code is consistent with the subclustering analysis (Fig. 4.4). Note: Sp-An 
appears twice in the plot since two WHL IDs (transcripts) correspond to the same gene. 
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Using known gene markers that label differentiated neurons expressed in the rim of 
the larva’s mouth such as Sp-Nkx3.2, a gene essential for the formation of mouth 
neurons (Wei et al. 2011), the transcription factor Sp-Isl (Perillo et al. 2018), the 
neuropeptide Sp-Salmfap (Wood et al. 2018) and the enzyme tyrosine hydroxylase 
(Sp-Th) involved in the dopaminergic pathway, two mouth neurons subtypes 
(Fig.4.9) were revealed. Finally, one neuronal population, based on its molecular 
signature, including the genes Sp-Fgf9/16/20, Sp-Fgfr1, and Sp-NeuroD1, seems 
to be associated with endodermal structures such as the esophagus. 
 
 
Figure 4.10. Validations of scRNA-seq predictions. FISH of S. purpuratus 3 dpf larvae 
with specific antisense probes for the neuronal genes Sp-Delta (A), Sp-SoxC (B), Sp-
Brn1/2/4 (C), Sp-Ddc (D), Sp-Ngn (E), Sp-Prox1 (F), Sp-Nacha6 (G), Sp-Isl (H), Sp-An (C 
and N), Sp-Chrna9_4 (I), Sp-Hbn (J), Sp-SoxB2 (K), Sp-Otx (L), Sp-Tph (M), Sp-Salmfap 
(N), Sp-NeuroD1(O), Sp-Six3 (P), Sp-Trh (Q), Sp-Kp (Q) and Sp-Rhox3 (R). FISH shown 
in figures A, B, and H are paired with immunohistochemical detection of the neuropeptide 
Sp-An. Nuclei are labeled with DAPI (in blue). All images are stacks of merged confocal Z 
sections. A, anus; M, mouth. 
 
The spatial distribution of all twelve neuronal populations found at this stage can be 
seen in Figure 4.11, in which the different populations are grouped based on their 
spatial location on the larva, reflecting their developmental origins from ectoderm 
and endoderm. 
Overall, the subclustering analysis of gastrula and early pluteus time-points 
increased the resolution of the different neuronal subtypes present at this 
developmental stage and revealed new neuronal subtypes and novel gene markers 
as well as gene candidates for future studies and for drafting GRNs. 




Figure 4.11. Mapping of the larval neuronal populations. A) UMAP showing 12 distinct 
populations as revealed by our subclustering analysis. B) Schematic representation of the 
3 dpf pluteus larva showing the localization of the different neuronal populations. Color-
code is consistent with the subclustering analysis (Fig. 4.4.). 
 
4.2. Neuronal signaling 
 
After recognizing the neuronal types present at 2 and 3 dpf developmental stages, 
I focused my attention on understanding the mechanisms by which the nervous 
system functions. Neurotransmitters are neuromodulators released by nerve cells 
that initiate intercellular signaling cascades, causing a physiological or behavioral 
response. According to the release mechanism employed, neurotransmitters are 
grouped into two categories: conventional and non-conventional. Conventional 
neurotransmitters are contained in synaptic vesicles and released from the 
presynaptic nerve terminal with exocytosis. Conversely, unconventional 
neurotransmitters are not contained in vesicles and often function by initiating 
signaling from the postsynaptic to the presynaptic cells.   
Conventional neurotransmitters are usually small-molecule neurotransmitters that 
span from individual amino acids such as GABA and glutamate to small peptides 
and biogenic amines. Known biogenic amines neurotransmitters are 
catecholamines (dopamine, epinephrine, and norepinephrine), the indolamine 
serotonin, and the imidazoleamine histamine. On the other hand, endocannabinoids 
and nitric oxide belong to the non-conventional group of neurotransmitters, and their 
neuronal role has been well established in a variety of model systems.  
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As previously mentioned, the initial characterization of the sea urchin nervous 
system was solely based on identifying the neurotransmitters that different neuronal 
populations produce either by in vivo visualization methods or by pharmacological 
inhibition of their signalings. This led to a very well characterized map of 
neurotransmitter expression and a generalized understanding of their role in 
development and signal transduction. However, little is known about the 
mechanisms by which sea urchin neurotransmitters function and which other 
neuronal signaling components are in place.  
In this part of the thesis, I characterize the expression domains of the main 
conventional and non-conventional neurotransmitter signaling components that are 
in place at the early S. purpuratus pluteus stage.  
The majority of the available literature on sea urchin neuronal signaling is focused 
on the neuronal effect on non-neuronal cell types. To perform an analysis that is 
compatible with the available observations and check whether these observations 
are verified at a single cell transcriptomic level, I focus my analysis on the general 
clustering analysis of the 3 dpf pluteus larva, in which all the putative broad cell 
types are present. Such an approach allowed me to investigate how the nervous 
system functions with respect to other cell types rather than understanding the 
interneuronal signalings in place.  
 
4.2.1. Serotonin signaling 
 
Serotonin [5-hydroxytryptamine (5-HT)] is a neurotransmitter present in the nervous 
systems of most metazoans (Hay-Schmidt 2000). In vertebrates, serotonin is 
involved in the regulation of many processes, such as sleeping and feeding and 
behaviors regarding mood. In echinoderms, serotonin signaling is necessary for 
normal embryonic development as blocking of the serotonin receptors with 
antagonists and agonists results in embryonic malformations. The development of 
such embryos can be restored upon the provision of reverse drugs or serotonin 
itself, suggesting that the malformations are specifically due to serotonin signaling. 
(Buznikov et al., 2005). Furthermore, it has been demonstrated that in the sea urchin 
Hemicentrotus pulcherrimus, inhibition of serotonin synthesis reduces larval 
swimming (Yaguchi and Katow 2003, Katow et al. 2007). Genomic characterization 
of the S. purpuratus serotonin signaling resulted in identifying the enzymes involved 
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in the serotonin production, putative receptors through which serotonin initiates its 
signalings to cell type targets.   
Plotting of genes that are involved in the biosynthesis of serotonin verified the 
already published data that the enzymes involved in serotonin biosynthesis are 
mostly found in the neuronal putative broad cell type (Fig. 4.12).  Furthermore, doing 
the same for serotonin receptors led to the realization that serotonin can potentially 
initiate a signaling cascade in almost all the putative cell types (Fig. 4.12). The 
possible multifunctional role of serotonin, as revealed by the scRNA-seq analysis, 
is in complete agreement with the phenotype obtained when serotonin signaling was 
blocked in developing sea urchin embryos. Moreover, at least two serotonin 
receptors appear to be present in the ciliary band putative cell type suggesting that 
the serotonin signaling system might regulate ciliary beating and swimming ability 
in a similar way as demonstrated in H. pulcherrimus. On the other hand, when 
interrogating the scRNA-seq data for enzymes such as monoamine oxidase (MOA) 
and catechol-O-methyltransferase (COMT), that are involved in serotonin and 
dopamine inactivation/degradation in the synaptic cleft and pre-synaptic terminal, I 
found an enrichment of such enzymes in mesodermally derivate cell types (Fig. 
4.12). In more detail, such genes were enriched in the immune, blastocoelar, and 
skeletal cells. The common feature of these cells is that they inhabit the blastocoelar 
space of the larva, while immune and blastocoelar cells are motile cell populations. 
This means that they are in contact with the internal space and extracellular matrix 
of the larva in which the neurotransmitters are released. Taken together, this 
suggests that these neighboring mesodermal cell types might be able to regulate 
the amount of serotonin and dopamine available in the synaptic cleft by uptaking 
and degrading them. 
Melatonin mediated signaling is evolutionary widespread and has been reutilized 
throughout evolution to control different physiological responses, with the most well-
known to be the regulation of circadian rhythm (Zhao et al. 2019). Melatonin derives 
from serotonin, which is converted to N-acetylserotonin by serotonin N-
acetyltransferase and subsequently transformed to melatonin in a reaction 
catalyzed by acetylserotonin O-methyltransferase. 
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Figure 4.12. Serotonin signaling at 3 dpf larva. Dotplot showing the average expression 
of genes involved in the biosynthesis, inactivation, and signaling cascade of serotonin. 
 
 
Figure 4.13. Melatonin biosynthetic pathway. Serotonin is being catabolized to N-
acetylserotonin and melatonin by the enzymes serotonin N-acetyltransferase (SNAT) and 
acetylserotonin O-methyltransferase ASMT (Tan et al. 2015).  
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In a study by Burke et al., the authors provided a detailed characterization of the S. 
purpuratus nervous system based on genomic analysis, no putative genes encoding 
for serotonin N-acetyltransferase and acetylserotonin O-methyltransferase were 
found (Burke et al. 2006). These genes are essential for the production of melatonin 
from serotonin, and since neither gene was found in either ascidians or sea urchins, 
it was claimed that the production of melatonin is a vertebrate feature. Surprisingly, 
a recent study by Ding et al. identified that melatonin is present in the sea 
cucumber Apostichopus japonicus and found that melatonin exhibits a sedative 
effect on locomotion (Ding et al. 2019). Moreover, Squires and colleagues 
demonstrated a putative mechanism on the metabolism of serotonin in S. 
purpuratus and proposed that N-acetyltransferases encoded in the genome can 
produce N-acetylserotonin (Squires et al. 2010).   
Furthermore, when the recently released version 5.0 of the S. purpuratus genome 
was interrogated, it revealed that the N-acetylserotonin-O-methyltransferase 
(ASMT) catechol-O-methyltransferase (COMT) genes are encoded in it. Plotting for 
the genes encoding for the enzymes involved in the melatonin biosynthetic and 
signaling pathway revealed a broad expression pattern of those genes across cell 
types (Fig. 4.14).  
Nonetheless, only the cell types in which the combination of either or both of the 
Catechol O-methyltransferase and N-acetylserotonin-O-methyltransferase and N-
acetyltransferases is present. As a result, only the ciliary band, immune, 
blastocoelar, anal, and pyloric sphincter cells can putatively produce melatonin, 
provided that serotonin is present in them. In addition to the biosynthetic enzyme, 
transcripts for putative melatonin receptors were found enriched in the immune, 
blastocoelar, skeletal, and apical plate cell types, suggesting putative autocrine 
signaling of melatonin to the cells that are producing it (Fig. 4.14). Furthermore, 
since both immune and blastocoelar cells are part of the sea urchin larva's immune 
defense system, these data imply that melatonin could be involved in the immune 
response. Moreover, as previously mentioned, these two cell types consist of cells 
with increased migratory ability throughout the blastocoel and, in the case of 
immune cells, within the ectodermal epithelium. The presence of melatonin 
receptors in these cell types raises the question of whether melatonin signaling is 
involved in the regulation of locomotion as in the sea cucumber. Future studies are 
   P a g e  | 122 
 
needed to show whether melatonin binds to those receptors as well as to clarify the 
function of the melatonin induced signaling response. 
 
Figure 4.14. Melatonin biosynthetic and signaling pathway genes at 3 dpf larva. 
Dotplot showing the average expression of genes involved in the biosynthesis and signaling 
pathway of melatonin. Bars indicate the putative broad cell types, in which transcripts for 
the necessary biosynthetic enzymes are co-localized and thus can putatively produce 
melatonin. 
 
4.2.2. Dopamine signaling 
 
Dopamine is a neuromodulator produced by several various cell populations of the 
vertebrate nervous system, and it has been reporting that the role of dopamine in 
chemical signaling predates the divergence of deuterostomes (Yamamoto and 
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Vernier 2011, Baudonnat et al. 2013)). In mammals, dopamine has been found to 
have a vital role in sensorimotor programming, learning, memory, and many 
cognitive and autonomous functions (Baudonnat et al., 2013).  
In sea urchins, dopamine is produced throughout most of the embryonic and larval 
development, and its role has been disentangled in great detail. Pharmacological 
inhibition of dopamine decarboxylase activity in embryos and larvae of H. 
pulcherrimus resulted in embryos and larvae with reduced swimming ability (Katow 
et al. 2010), while in S. purpuratus, dopaminergic signaling has been implicated with 
the response of larvae to food availability (Adams et al. 2011). When food is absent, 
they develop longer arms than otherwise. Adams et al. (2011) also demonstrated 
that the dopamine signaling pathway components' spatial and temporal expression 
is in line with the feeding behavior of the larva and that algae-induced dopamine 
signaling inhibits arm elongation. Moreover, Burke and colleagues found that 
externally provided dopamine-induced the sand dollar Dendraster excentricus 
larvae's metamorphic process, suggesting that the dopaminergic system is also 
implicated in echinoderm metamorphosis (Burke, 1983). 
Plotting of the genes involved in dopamine signaling verified that tyrosine 
hydroxylase and dopamine decarboxylase, both involved in dopamine biosynthesis, 
are differentially expressed in neuronal cells (Fig. 4.15). According to the same 
scRNA-seq analysis, it seems that dopamine receptors are highly distributed in 
ectodermally derived cell types such as the ciliary band and apical plate cells and 
differentially expressed in mesodermal cell types such as skeletal, immune, and 
blastocoelar cells. The presence of dopamine receptors in the ciliary band and 
apical plate cell types, which bare a significant number of motile cilia, is in agreement 
with the hypothesized role of dopamine in regulating sea urchin swimming behavior. 
On a similar note, the presence of transcripts of dopamine receptors in the skeletal 
putative broad cell types is an additional validation of the Adams et al. study as well 
as indicative of a possible role of endogenous dopamine in regulating skeletal 
growth.   
In the same analysis, dopamine β hydroxylase, which is involved in the formation of 
noradrenaline from dopamine, is found to be enriched in the apical plate, neuronal, 
and blastocoelar putative broad cell types while the same cell types bear an 
adrenergic receptor. Until now, there was no information on the expression of 
dopamine β hydroxylase, and thus this study offers the starting point for future 
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studies aiming to disentangle the role and evolution of noradrenalin signaling in sea 
urchin. 
 
Figure 4.15. Dopamine and noradrenalin signalings at 3 dpf larva. Dotplot showing the 
average expression of genes involved in the biosynthesis, inactivation, and signaling 
cascade of dopamine and noradrenaline. 
 
4.2.3. GABA signaling 
 
GABA, or else known as γ-aminobutyric acid, is a well-known neurotransmitter with 
an inhibitory role in the central nervous system of mammals (Tano et al., 2009). The 
biosynthesis of GABA depends on the enzyme glutamic acid decarboxylase (GAD) 
that converts glutamate to GABA. GABA has been found to function through post-
synaptic binding to two classes of receptors GABAA and GABAB. (Simeone et al., 
2003 (Wang et al., 1999). The only reports of the GABAergic signaling system in 
sea urchin come from studies carried out in the sea urchin H. pulcherrimus. These 
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studies demonstrated that GABA is produced by various sea urchin cell types during 
embryonic development and mostly by blastocoelar cells. Similarly, Hp-Gad, both 
at transcript and protein levels, was detected in endodermal cell types and 
blastocoelar cells. Furthermore, pharmacological inhibition of GAD resulted in larvae 
with reduced swimming ability and sea urchin juveniles with lower motility (Katow et 
al. 2013, Katow et al. 2020).  
 
Figure 4.16. GABA signaling at 3 dpf larva. Dotplot showing the average expression of 
genes involved in the biosynthesis, transport and signaling cascade of GABA. 
 
Plotting of the S. purpuratus homolog Sp-Gad and the GABA signaling components 
revealed very low expression of Sp-Gad that was restricted in one of the stomach 
putative cell types. At the same time, the GABA-associated receptors seem to be 
also transcribed at low levels, mostly in the skeletal, apical plate, ciliary band, and 
esophageal muscle cell types (Fig. 4.16). Interestingly sodium and chloride-
dependent GABA transporters were found to be also differentially expressed in 
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almost all endodermally derived cell types as well as the immune cells (Fig. 4.16). 
Sp-Gad's presence in the stomach cell type agrees with one of the expression 
domains described in H. pulcherrimus (Katow et al. 2014), although in S. purpuratus, 
no expression was found in blastocoelar cells, the primary domain of H. 
pulcherrimus, where it has been hypothesized that GABA functions (Katow et al. 
2013). On the other hand, the expression of the receptors in the ciliary band and 
apical plate cell types hints at a possible role in ciliary locomotion control in S. 
purpuratus as in H. pulcherrimus.  
 
Figure 4.17. Glutamate decarboxylase expression across development. Dotplot 
showing the average expression of glutamate decarboxylase at 2 dpf (A) and 5 dpf (B). 
 
To understand whether the absence of Sp-Gad transcripts in blastocoelar cells is a 
cross-species difference or an artifact of the scRNA-seq data at this time-point (3 
dpf), Sp-Gad was also plotted in the other two datasets. In the case of the 2 dpf 
gastrula dataset, Sp-Gad was expressed at even lower levels and enriched in three 
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endodermally derived cell types (midgut 1, midgut 2, and foregut) as well as in the 
pigment cell cluster (Fig. 4.17 A). Similarly, at 5 dpf, Sp-Gad transcripts were found 
to be differentially expressed in the stomach and esophageal cells and in additional 
domains such as neuronal, skeletal, and ciliary band cells (Fig. 4.17 B). In all cases, 
no blastocoelar cell expression could be found.  According to this transcriptomic-
based analysis, Sp-Gad's expression in the endoderm seems conserved in S. 
purpuratus and H. pulcherrimus, although the blastocoelar cell expression in H. 
pulcherrimus might be unique of this species. Further studies are needed to in vivo 
characterize Sp-Gad's expression pattern and validate the single-cell predictions 
before reaching a definite conclusion on the evolution of this gene and its signaling.  
 
4.2.4. Acetylcholine signaling 
 
Acetylcholine (Ach) derives from acetyl coenzyme A and choline, and the enzyme 
choline acetyltransferase (Chat) catalyzes this reaction. Acetylcholine has been 
found to function in the peripheral nervous system of mammals, and mostly it has 
been detected at synapsis in the ganglia visceral motor system (Zaninetti et al. 1999, 
Nishimaru et al. 2005). In several invertebrates, such as mollusks, annelids and 
hemichordates, acetylcholine has been implicated in the control of ciliary beating d 
(Marinkovic et al. 2020), and in echinoderms, it has been proposed that 
acetylcholine has a role in decreasing the ciliary beating frequency of sea urchin 
larvae and causing muscle contraction in sea urchin tube feet (Florey et al. 1975, 
Soliman 1984).   
According to the scRNA-seq analysis, Sp-Chat transcripts are found to be 
differentially expressed in the neuronal putative cell type and the putative ACh 
receptors seem to be expressed by several ectodermally and mesodermally derived 
cell types and especially in the neurons. The broad distribution of the receptors 
suggests that ACh signaling might have a broad spectrum of functions in regulating 
diverse processes (Fig. 4.18).  Strikingly, what is evident from this analysis is that 
the majority of the enzymes that inactivate acetylcholine, acetylcholinesterases, are 
enriched in endodermally derived cell types (Fig. 4.18), suggesting that 
acetylcholine degradation takes place in the digestive tract. This would suggest that 
the gut of the sea urchin larva is responsible for reducing the available amounts of 
acetylcholine and thus participating in the control and duration of ACh signaling.  
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Figure 4.18. ACh signaling at 3 dpf larva. Dotplot showing the average expression of 
genes involved in the biosynthesis, signaling cascade, and inactivation of ACh. 
 
4.2.5. Endocannabinoid signaling 
 
As previously mentioned, the endocannabinoid signaling (ES), alongside nitric 
oxide, belongs to the unconventional neurotransmitter group. ES is based on 
unsaturated fatty acids diffusing through a cell’s membrane and activating a 
signaling cascade on nearby cells that express cannabinoid receptors. Anandamide 
(AEA) and 2-arachidonylglycerol (2-AG) have been identified as endocannabinoids, 
and their biosynthetic pathway has been described in great detail (Fig. 4.19). 
Endocannabinoids are found to function through binding to several receptor types, 
including the traditional cannabinoid CB1 and CB2 receptors. Additionally, 
endocannabinoids can interact and initiate their signaling through the peroxisome 
proliferator-activated receptors (Ppars) (O'Sullivan 2007, O'Sullivan 2016). Once 
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endocannabinoids exhibit their function, they are hydrolyzed by fatty acid 
hydrolases. 
ES is involved in the regulation of many biological processes in vertebrates 
spanning from mediating synaptic plasticity at both excitatory and inhibitory 
synapses (Castillo et al. 2012) to ensuring proper vision (Martella et al. 2016) and 
participating in the central control of reproduction (Cottone et al. 2013). Historically, 
it had been hypothesized that endocannabinoid signaling was a vertebrate 
innovation, although several studies that took place over the last two decades 
demonstrated that the signaling is also active in invertebrate deuterostomes (Salzet 
and Stefano 2002, Elphick et al. 2003, Elphick 2012, Lemak 2012). The 
endocannabinoid system in invertebrates has multiply roles spanning from control 
of reproduction, feeding behavior and neurotransmission to immune defense (Salzet 
and Stefano 2002, Lemak 2012). 
 
 
Figure 4.19. Endocannabinoid signaling. Schematic representation of the biosynthesis, 
signaling cascade, and hydrolysis of A-AG and AEA [adapted from (Araujo et al. 2019)]. 
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The only evidence of ES functioning in sea urchin comes from studies in which ES 
has been implicated with the control of the fertilization process and polyspermy 
prevention (Chang et al. 1993; Schuel et al. 1994). Plotting for the homologs of the 
vertebrate genes encoding for components of ES revealed that all the necessary 
machinery for ES is present at 3 dpf S. purpuratus larva (Fig. 4.20). In more detail, 
transcripts for three diacylglycerol lipases involved in the biosynthesis of 2-AG are 
found in two oral ectoderm, neuronal, coelomic pouch, blastocoelar, pyloric 
sphincter, and exocrine pancreas like cells. Transcripts for N-acyl 
phosphatidylethanolamine phospholipase D responsible for the production of AEA 
are localized in the apical plate, neuronal, and esophageal muscle cells. Taken 
together, these data suggest that the sea urchin larva can produce the 2-AE and 
AEA endocannabinoids from both neuronal and non-neuronal cell types, hinting a 
broad spectrum of ES function in echinoderms. The only receptors found in the 
scRNA-seq datasets are non-traditional nuclear hormone peroxisome proliferator-
activated receptors (Pparα and Pparγ). While the S. purpuratus genome encodes 
for a gene for the cannabinoid receptor 1, no transcripts could be detected in the 
scRNA-seq datasets. However, the spatial distribution of Ppars in skeletal and 
several endodermally derived cell types (Fig. 4.20) suggests that the sea urchin 
endocannabinoid signaling could be the mediator of a cross-talk between several 
cell types, such as neurons, with the digestive tract. In support of this, the degrading 
enzyme for 2-AG monoglyceride lipase, as well as the enzymes fatty acid amide 
hydrolases involved in the hydrolysis of both 2-AG and AEA, are enriched in 
endodermally derived cell types suggesting that the digestive tract is strongly 
receiving the endocannabinoids and it is the prominent place of their hydrolysis. 
Moreover, based on endocannabinoids' ability to diffuse for short distances, the ES 
may also be used as means of communication between different cell types 
patterning the sea urchin gut. For instance, diacylglycerol lipase β like is expressed 
in the pyloric sphincter and exocrine pancreas-like cell types suggesting that 2-AG 
is produced there as well. The distribution of Ppars transcripts in intestinal and 
stomach cells that are in close proximity to the two aforementioned cell types 
respectively implies a possible directional communication initiated by the pyloric 
sphincter cells signaling to the intestinal cells and by the exocrine pancreas-like cells 
signaling to the stomach cells. Future studies will verify the in vivo expression 
patterns of the ES genes and the function of ES in sea urchin. 
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Figure 4.20. Endocannabinoid system components in sea urchin larva. Dotplot 
showing the average expression of genes involved in the biosynthesis, signaling cascade, 
and degradation of cannabinoids. 
 
4.2.6. Nitric oxide 
 
One of the most well-known unconventional neurotransmitters is nitric oxide (NO). 
NO is a gas produced by the enzyme nitric oxide synthase (Nos) that converts 
arginine into citrulline while generating NO. The generated NO can diffuse through 
the plasma membrane of the cell producing it and acts on neighboring cells, which 
is a feature allowing NO to regulate multiple processes in a great spectrum of nearby 
cell types. Due to its ability to penetrate cells without any selectivity, e.g., binding to 
a receptor, NO is often considered a second messenger rather than a 
neuromodulator.  
Once in the target cell, NO can function either through the canonical or the non-
canonical pathway (Fig. 4.21).  
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Figure 4.21. Summary of the NO signaling pathways. Overview of the different ways by 
which NO exhibits its function. 
 
Two pathways have been associated with NO canonical signaling. The first one 
includes the interaction of NO with kinases such as mitogen-activated protein kinase 
(MAPK), phosphatidylinositol 3-kinase (PI3-K), and the protein kinase JNK that 
results in transcriptional regulation (Park et al. 2000, Pei et al. 2008, Doronzo et al. 
2011, Castellano et al. 2014). The second pathway includes activating the enzyme 
guanylyl cyclase by NO, which then produces the second messenger cyclic 
guanosine monophosphate (cGMP). Next, the cGMP binds and activates its target, 
which is a cGMP-dependent protein kinase. As a result, the activated kinase 
phosphorylates target proteins and initiates a signaling cascade (Yoshioka et al. 
2006, Martinez-Ruiz et al. 2011, Wang et al. 2017). Apart from the kinase, cGMP 
can bind to ligand-gated ion channels influencing neuronal signaling. Apart from 
initiating signaling pathways resulting in gene expression regulation at a 
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transcriptional level, NO can function post-translationally the S-nitrosylation. S-
nitrosylation is a protein modification that results from NO directly modifying 
sulfhydryl protein residues, and there have been reports that it is a widespread 
modification comparable to phosphorylation (Stamler et al. 1992, Broillet 1999).  
Due to the ability of NO to diffuse in multiple cell types and affect them in many 
different ways, it comes as no surprise that according to literature, NO is involved in 
the regulation of many processes ranging from morphogenesis, homeostasis, 
physiology, immune system defense, neuronal communication to specialized organ 
function in both vertebrates and invertebrates (Martinez 1995, Tatsumi et al. 2004, 
Palumbo 2005, Rivero 2006, Cristino et al. 2008, Kolluru et al. 2008, Galdino et al. 
2015, Annona et al. 2017).  
In echinoderms, NO has been found to function as a general myorelaxant. In the 
starfish Asterias rubens NO induces the relaxation of the cardiac stomach (Elphick 
and Melarange 1998), while in sea urchin larva of H. pulcherrimus endodermally-
derived NOS-positive neurons produce NO that regulates the relaxation of the 
pyloric sphincter (Yaguchi and Yaguchi 2019). The S. purpuratus genome contains 
two Nos genes, and phylogenetic analysis across metazoans revealed that these 
two genes correspond to NosA and NosB and that NOSA contained a PDZ domain, 
indicative of a neuronal function (Andreakis et al. 2011). 
Based on the putative broad spectrum of function in sea urchins, and since the only 
report of nitric oxide function concerns the NosA gene (Yaguchi and Yaguchi 2019), 
I decided to further characterize the nitric oxide pathway function during S. 
purpuratus development. Plotting the average expression of NosA and NosB in all 
three time-points showed that NosA transcripts are present in all of them and that it 
is differentially expressed in endodermally derived cell types (Fig. 4.22) suggesting 
a role in the regulation of the gut function similar to what has been demonstrated in 
H. pulcherrimus (Yaguchi and Yaguchi 2019). In particular, at gastrula stage, NosA 
transcripts are detected apart from the endoderm in various ectodermally derived 
cell types that correspond to the anterior neuroectoderm, oral and aboral ectoderm. 
NosB transcripts are detected only at the pluteus stages, which is in agreement with 
data coming from bulk RNA-seq (Fig. 4.22). NosB transcripts are localized mostly 
in ectodermally derived cell types of pluteus stages, including ciliary band apical 
plate and neurons, suggesting a neuronal role.  
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Figure 4.22. Distribution of Nos transcripts during development. A) Dotplots showing 
the average expression of Sp-NosA and Sp-NosB genes at 2, 3, and 5 dpf developmental 
stages. B) Temporal expression of Sp-NosA and Sp-NosB genes during early embryonic 
and larval development as calculated from transcriptomic data (Tu et al. 2014).  
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To validate the scRNA-seq predictions, I cloned the Sp-NosA and Sp-NosB genes 
with the help of Dr. Caccavale and performed FISH and IHC experiments using a 
universal Nos antibody (uNos) on several developmental time-points. At 2 dpf 
gastrula, Sp-NosA transcripts were enriched in the digestive tract, especially in two 
bilateral pairs of cells located at the lowest level of the foregut (Fig. 4.23 A1). 
Moreover, a few NosA positive cells were detected in the anterior neuroectoderm 
and aboral ectoderm (Fig. 4.23 A1). At 3 dpf pluteus stage, Sp-NosA signal was 
detected in endodermal cells close to the anus, pyloric sphincter, parts of the 
stomach, and a ring of cells at the lowest level of the esophagus (Fig. 4.23 A2, A3) 
that resembles the expression of Sp-NosA in the bilateral patch at gastrula stage. 
FISH for Sp-NosB failed to detect any transcripts (data not shown) at the 2 dpf 
gastrula stage validating the scRNA-seq and transcriptomic predictions, while at 3 
dpf pluteus stage, Sp-NosB was detected in two cells distally to the apical organ as 
well as in scattered ciliary band and apical plate cells (Fig. 4.23 A4). IHC 
experiments using the universal Nos antibody that recognizes the conserved 
domains of different Nos isoforms recapitulate the same expression patterns 
identified by FISH. At gastrula stage, uNos positive cells are detected in the anterior 
neuroectoderm and ciliary band and aboral ectoderm (Fig. 4.23 A5), while at 3 dpf 
pluteus uNos positive cells are found in all cell types expressing Sp-NosA and Sp-
NosB, showing that indeed the antibody can recognize both Nos proteins (Fig. 4.23 
A6). Similarly, at 5 and 7 dpf pluteus, uNos signal was found in the digestive tract, 
primarily in the posterior domain, including the pyloric sphincter, intestine, and cells 
around the anus as well as cells distally to the apical organ (Fig. 4.23 A7, A8). Co-
staining of 1-week post fertilization larvae with uNos and the neuronal marker SynB 
revealed that those cells in close proximity to the apical organ are neurons (Fig. 4.23 
A8).  
Since FISH and IHC validated the scRNA-seq predictions regarding the spatial 
expression of the two Nos genes, I set out to investigate in which cell types NO is 
localized. To achieve this goal, I used 4-amino-5-methylamino-2',7'-
difluorofluorescein diacetate (DAF-FM-DA), which is a cell-permeable and non-
fluorescent reagent that once it reacts with NO forms the fluorescent compound 
benzotriazole. This compound has been widely used to detect NO in whole 
organisms, tissues, and cell cultures (Rhinehart and Pallone 2001, Kashiwagi et al. 
2002, Pandey et al. 2015, St Laurent et al. 2015, Annona et al. 2017). DAF-NO 
mediated fluorescence was detected in the ciliary band, apical plate, and the whole 
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digestive tract of pluteus larvae at 3 and 4 dpf (Fig. 4.23 A9, A10, A11, A12). 
Interestingly, DAF-related fluorescence was never detected in any mesodermal cell 
types within the blastocoel or the aboral ectodermal epithelium, indicating that NO 
signaling is not taking place there.  
 
 
Figure 4.23. In vivo spatial localization of Nos genes and NO. A) Spatial localization of 
Sp-NosA and Sp-NosB transcripts, Nos protein, and NO. FISH using specific antisense 
RNA probes for Sp-NosA (A1-A3) and NosB (A4). IHC detection of Nos using a universal 
Nos antibody at 2 dpf (A5), 3 dpf (A6), 5 dpf (A7), and 1 wpf (A8) developmental stages. 
NO visualization by DAF at 3 dpf (A9-10) and 4 dpf (A11-12) larvae.  B) Molecular 
characterization of the Sp-NosA and Sp-NosB positive cells. Double FISH for Sp-NosA and 
Sp-Brn1/2/4 (B1), Sp-Isl (B2), Sp-Mhc (B3), Sp-Pdx1 (B4), Sp-Bra (B5) as well as for Sp-
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NosB with Sp-Trh (B6). Nuclei are labeled with DAPI (in blue). Confocal images are stacks 
of merged Z sections. ANE, anterior neuroectoderm; M, mouth. 
 
Moreover, the DAF fluorescence enrichment and thus NO localization in ectodermal 
and endodermal cell types is in line with the complementary broad expression 
domains of the NosA and NosB in endoderm and ectoderm, respectively. 
Unfortunately, based on the ability of NO to diffuse in a distance of 30-100 μm 
combined with the average size of the larva across the anterior to the posterior axis 
that is approximately 120 μm, the exact tracing of NO source per cell type cannot 
be concluded.  
Next, to further characterize the Nos producing cells, I performed double FISH with 
additional molecular markers (Fig. 4.23 B). This set of experiments revealed that 
NosA is co-expressed with the neurogenic marker Sp-Brn1/2/4 and the neurogenic 
marker revealed by this thesis Sp-Isl in the lower esophageal domain (Fig. 4.23 B1, 
B2). These putative NosA positive neurons are in close proximity to the esophageal 
muscle apparatus, as revealed by the co-staining using a specific antisense probe 
for Sp-Mhc (Myosin heavy chain) (Fig. 4.23 B3). Since Sp-NosA is expressed in 
several endodermal domains, the markers Sp-Pdx1 and Sp-Bra for the pyloric 
sphincter and cells around the anus, respectively, were used. Double FISH revealed 
that Sp-NosA is co-expressed with those two transcription factors in the domains 
mentioned above, validating the single-cell predictions (Fig. 4.23 B4, B5). Based on 
the Sp-NosB positive cells' peculiar position flanking the apical organ that resembles 
neurons that produce the neuropeptide Trh and the scRNA-seq predictions, double 
FISH of Sp-NosB and Sp-Trh were performed, that validated the identity of those 
cells as the Trh neurons (Fig. 4.23 B6).   
After establishing the molecular signature and spatial localization of the Nos 
expressing genes and NO positive cells, functional studies were carried out to 
decipher the role of NO signaling in the sea urchin S. purpuratus. To do so, two 
different approaches were followed. In order to inhibit NO synthesis, 1-(α,α,α-
trifluoro-o-tolyl)-Imidazole (TRIM) was used, as it has been demonstrated that it 
successfully inhibits proper NOS (Nitric oxide synthase) activity in a spectrum of 
organisms (Fukunaga et al. 2000, Haga et al. 2003, Annona et al. 2017). TRIM 
treatments were carried out at 2 dpf after the gastrulation process was completed, 
and the embryos were let to develop until the pluteus stage. To knock down the 
individual Sp-NosA and Sp-NosB gene expression, specific morpholino antisense 
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oligonucleotides were injected into S. purpuratus fertilized eggs and were let to 
develop until the pluteus stage. 
Inhibiting Nos activity or knocking down the expression of either of Nos genes 
resulted in distinct, although similar phenotypes. The efficiency of the TRIM 
treatments and the morpholino injections was assessed by using DAF to visualize 
the amount of NO produced and immunohistochemical detection of the Nos protein, 
respectively (Fig.4.24). At 3 dpf TRIM treated larvae (Fig.4.24 A2, A7, A12) were 
smaller in size in respect to the controls (Fig.4.24 A1, A6, A11), the overall shape of 
the larva is altered, and very little DAF-NO related fluorescence was detected (Fig. 
4.24 A12). Morphological deficits on the ciliary band and post-oral arm formation 
and aboral ectoderm size are evident with confocal microscopy using the marker b-
tubulin (Fig. 4.24 A7) that allows the visualization of multiple structures as well as 
light microscopy. Knockdown (KD) of Sp-NosA resulted to a comparable phenotype 
in regards to the one obtained by Nos inhibition and immunostaining for the Nos 
protein did not show any signal, implying that the Sp-NosA knockdown was 
successful (Fig.4.24 A3, A8, A13). The Sp-NosA KD larvae appear to be smaller in 
size, although partial formation of post-oral arms is evident. On the other hand, Sp-
NosB KD dramatically affected embryonic development since the Sp-NosB 
morphants show signs of embryonic arrest, and immunohistochemical detection of 
Nos was restricted to endodermal structures implying that it detects only NosA 
(Fig.4.24 A4, A9, A14).  The overall shape of the larva is gastrula-like, while skeletal 
structures are disorganized. An interesting aspect of the Sp-NosB KD phenotype is 
that the skeletal rods show signs of bifurcation, which is a feature of the larval 
skeleton but completely disorganized in terms of spatial distribution. This is probably 
the effect of the ectodermal defects that do not provide PMCs with the proper cues 
to migrate. The digestive tract of the Sp-NosB morphants seems like a straight tube 
with no obvious compartmentalization. Co-injection of the two morpholinos targeting 
Sp-NosA and Sp-NosB resulted in larvae phenotypically similar to the TRIM treated 
and Sp-NosA morphant ones (Fig.4.24 A5, A10, A15), suggesting that the extreme 
phenotype of the Sp-NosB KD alone is probably a result of technical issues that 
occurred during the microinjection procedure (morpholino concentration, the 
microinjection procedure itself). The inhibition of Nos after TRIM treatment was 
carried out in five biological replicates, and a reproducible phenotype was obtained 
in every set of experiments allowing me to gain confidence that the embryonic 
deficits are a direct result of Nos inhibition. On the contrary, the morpholino injection 
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experiments for Sp-NosA, Sp-NosB, and Sp-NosA and Sp-NosA/Sp-NosB were 
carried out only in larvae from one batch consisting of one biological replicate, and 
thus no definite conclusion can be drawn. Nonetheless, most of these preliminary 
gene perturbation results are consistent with the TRIM generated phenotype 
highlighting the involvement of NO in morphogenesis. 
 
 
Figure 4.24. Inhibition of NO production. A) Morphological and molecular 
characterization of NO deficient of 3 dpf larvae. DIC images of wild type (A1), TRIM treated 
(A2), NosA KD (A3), NosB (A4), and NosA/NosB KD (A5) larvae. Immunohistochemical 
detection of beta-tubulin in wild type (A6), TRIM treated (A7), NosA KD (A8), NosB (A9), 
and NosA/NosB (A10) KD larvae. NO localization based on DAF-NO mediated fluorescence 
in wild type (A11) and TRIM treated (A12) larvae. Immunostaining using the uNOs antibody 
on NosA KD (A13), NosB (A14), and NosA/NosB (A15) KD larvae. B) Morphological 
characterization of TRIM treated 3 dpf larvae.  DIC images of wild type (B1) and TRIM 
treated (B4) larvae. SEM images of wild type (B2, B3) and TRIM (B5, B6) treated larvae. 
Nuclei are labeled with DAPI (in blue). Confocal images are stacks of merged Z sections. 
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Based on the high confidence obtained regarding the TRIM treated larvae 
phenotype and its reproducibility, I set out to further characterize the morphological 
and molecular consequences of the NO production inhibition.  SEM imaging of 3 dpf 
TRIM treated larvae, and controls resulted in similar conclusions as the ones 
obtained from light microscopy observations (Fig. 4.24 B). Control larvae (Fig. 4.24 
B1, B3, B4) are equipped with a well-formed ciliary band and properly formed mouth, 
developing post-oral arms, and elongated aboral ectoderm leading to a very well-
formed vertex (tip of the aboral ectoderm). On the contrary, TRIM treated larvae 
(Fig. 4 B4, B5, B6) are smaller in size, with a prismatic shape suggesting defects in 
ectodermal patterning guiding skeletal growth as well as skeletal growth itself. TRIM 
treated larvae do not have a properly formed ciliary band, while the oral ectoderm 
surface appears flattened compared to controls. 
Nonetheless, a mouth opening implies that the gene regulatory network controlling 
this process is not affected by Nos inhibition. The presence of an open mouth in Nos 
deficient larvae suggests that the phenotype in question is not a result of drug 
toxicity or developmental arrest since it has been demonstrated that mouth occurs 
only at the larval stage, implying that the prismatic looking trim treated specimens 
are larvae and not an embryo in which developmental process has been blocked. 
Interestingly it seems that NO is not necessary for mouth development compared to 
its role in Amphioxus (Annona et al. 2017).  
FISH of genes labeling the affected cell types after Nos inhibition validated the 
observation based on the larval morphology (Fig. 4.25). Double FISH for the ciliary 
band marker, identified in this thesis, Sp-Fbsl_2, and the lower oral ectoderm marker 
and the cells around the anus Sp-Bra showed that the expression of both genes is 
altered in trim treated larvae. In more detail, Sp-Fbsl_2, which is expressed in all the 
cells of the ciliary band of control larvae, is found to be expressed in cell patches in 
the larvae tread with TRIM, while both domains of brachyury show a slight expansion 
towards more anterior domains. On the contrary, the expression of the upper oral 
ectoderm marker Sp-Gsc appears disorganized in scattered ectodermal cells 
compared to the observed in control larvae. The overall ectodermal defects are also 
revealed by FISH of the apical plate marker Sp-Hbn and the aboral ectoderm marker 
Sp-Spec2a. Sp-Hbn is typically expressed in a ring of cells surrounding the apical 
organ, while Sp-Spec2a is uniformly found in the larva's aboral ectoderm. Sp-Hbn 
is expressed in a small subset of cells surrounding the apical organ in TRIM treated 
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larvae in a formation that does not resemble a ring, while the expression of Sp-
Spec2a appears to have expanded towards the anterior domain. Note the smaller 
subset of Sp-Spec2a negative cells in TRIM treated larvae compared to controls. 
 
 
Figure 4.25. Molecular characterization of NO deficient 3 dpf larvae. FISH using 
specific antisense probes for Sp-Fbsl_2 and Sp-Bra, Sp-Hbn, Sp-Spec2a, and Sp-Gsc in 
wild type (A-D) TRIM treated (E-H) larvae.  Nuclei are labeled with DAPI (in blue). All images 
are stacks of merged confocal Z sections. The dotted circle highlights the apical plate 
borders, as indicated by the expression of Sp-Hbn. The dotted line highlights the borders 
between the Spec2a positive and negative domains.  
 
Overall, the data regarding the morphology and molecular signature of the Nos 
deficient larvae suggest that NO is essential for proper morphogenesis and larval 
development, whereas it is not essential for mouth formation. Knowing which are 
the putative cell types in which NO is detected and possibly exhibits its function, 
next, I plotted the average expression of genes involved in the canonical pathways 
through which NO operates (Fig. 4.26). 
According to the scRNA-seq analysis, transcripts for MAPK, PI3-K, and JNK kinases 
were found to be differentially expressed in the apical plate, upper oral ectoderm 
(domain in which Sp-Gsc is expressed), and the neuronal putative broad cell types, 
while genes involved in the traditional sGC and cGMP mediated pathway were 
found to be enriched in the apical plate, esophageal muscles, anal, intestinal, pyloric 
and cardiac sphincters, and esophageal cells. The presence of the canonical 
pathway components in the affected by Nos inhibition cell types in the apical plate 
and upper oral ectoderm suggests that NO regulates ectodermal morphogenesis 
through the canonical pathway. Moreover, the enrichment of the same components 
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in the cell types in which NosA and B are expressed and thus NO is produced 
(neurons, anal, pyloric and cardiac sphincter, and esophageal cells) implies that NO-
mediated signaling is activated in the cells that are producing it or that NO produced 
by neighboring cells is able of initiating a signaling cascade to other NO producing 
cells. According to the single cell transcriptomic analysis, the canonical signaling 
cascade can be initiated in the intestinal cells, possibly responding to the NO 





Figure 4.26. NO-mediated canonical signaling pathway in the sea urchin larva. Dotplot 
showing the average expression of nitric oxide synthases and genes involved in the 
canonical signaling cascade. Signaling activated by MAPK, Pl3-K, and JNK is highlighted 
in light blue, while the one mediated by sGC is shown in yellow.  
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One important observation from a transcriptomic perspective is that the machinery 
involved in the canonical pathway is present in the esophageal muscle, pyloric, and 
cardiac sphincter cell types suggesting that they can respond to NO. Such a 
response is in line with the observations in H. pulcherrimus in which NO has been 
implicated with the relaxation of esophageal muscles, cardiac and pyloric sphincter 
cells (Yaguchi and Yaguchi 2019) of the larva and suggests a similar role also in S. 
purpuratus. 
There is no transcriptomic evidence concerning the ciliary band and aboral 
ectoderm cell types that are severely affected by Nos inhibition suggesting that the 
normal NO regulation occurs through the canonical signaling in these cells. In the 
case of ciliary band, the identified presence of NosB and NO, as indicated in this 
study, suggests that NO is present and possibly regulating the ciliary band formation 
process possibly through the non-canonical signaling: S-nitrosylation. However, 
future studies will be needed to test this hypothesis. Concerning the mechanism by 
which NO might be regulating the aboral ectoderm morphogenesis at this 
developmental stage, there is no evidence supporting the expression of any Nos 
gene or NO production. Notably, scRNA-seq, FISH, and IHC suggest that Sp-NosA 
is expressed in the aboral ectoderm at 2 dpf gastrula, which is also the time-point 
the larvae were exposed to TRIM, allowing one to speculate that this early 
expression of NosA might explain the phenotype observed in the aboral ectoderm 
formation upon NO production inhibition. Whether the inhibition of Sp-NosA function 
and thus NO production at gastrula stage is responsible for the aboral ectoderm 
malformations observed in Nos deficient larvae remains to be verified. 
 
4.2.7. Neurotransmitter release 
 
The last part of the neuronal signaling section focuses on the machinery sea urchin 
neurons utilize to translocate and release synaptic vesicles containing conventional 
neuromodulators. Synaptic vesicles loaded with neuromodulators are released into 
the synaptic cleft via regulated exocytosis, triggered by an action potential arriving 
in the axon terminal that activates voltage-gated channels.  
The vertebrate neurotransmission machinery includes membrane attachment, 
trafficking, and docking proteins such as syntaxins, required for intracellular vesicle 
trafficking and secretion. On the other hand, vamps, synaptobrevins, synaptophysin, 
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SNAPs, snapin, and tomosyn proteins are involved in the synaptic vesicle fusion 
with the plasma membrane. In contrast, NSF-ATPase ensures the dissemble of the 
vamps, synaptobrevins, and SNAPs complex once vesicle fusion is complete 
(Becher et al. 1999, Teng et al. 2001, Tian et al. 2005, Chen et al. 2011). 
Synaptotagmins are anchored proteins on the synaptic vesicle membrane, acting 
as a calcium sensor, regulating the release of the synaptic vesicle cargo 
(Fernandez-Chacon et al. 2001), whereas neurexins ensure neurons stay 
connected in the synapsis (Geppert et al. 1992, Ushkaryov et al. 1992). Clathrin is 
essential for coating and shaping of the vesicles, and thus intercellular trafficking, 
while clathrin-coated vesicles are recognized by the plasma membrane through 
interaction with the adaptor protein (AP-2) complex, promoting endocytosis of cargo 
(Boucrot et al. 2010, Kirchhausen et al. 2014). Finally, the amphiphysin/dynamin 
complex has also been associated with endocytosis of synaptic vesicles (Takei et 
al. 1999). 
Genes involved in the synaptic signaling mechanism have been found in all 
metazoans, even protists (Burkhardt and Sprecher 2017). The ancestral role of this 
system remains unknown, although it is possible it has been utilized as a form of 
cell to cell communication. In the sea urchin, such neurotransmission signaling 
components have been identified at a genomic level, although their specific role and 
spatial localization remain unknown (Burke et al. 2006). The most studied gene 
involved in sea urchin neurotransmission is Synaptotagmin I (SynB), and it has been 
broadly used as an echinoderm pan-neuronal marker (Burke et al. 2006).  
To expand our current knowledge on the neurotransmission machinery operating in 
the sea urchin, I interrogated the data for the genes mentioned above and plotted 
their average expression (Fig. 4.27 A). Interestingly, all of the known genes involved 
in neurotransmission were found differentially transcribed in the neuronal putative 
broad cell type of the 3 dpf pluteus larva, which is indicative of a similar role as in 
more complex nervous systems and allowed me to provide a provisional overview 
of the neurotransmission machinery (Fig. 4.28 B). Surprisingly, genes involved in 
synaptic signaling were expressed in almost all the cell types with a significant 
enrichment across the digestive tract ones, which suggests that this trafficking and 
secretion system has been widely spread and co-opted by many cell types even 
within the same organism. 
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Figure 4.27. Neurotransmission mechanism components. A) Dotplot showing the 
average expression of genes involved in different aspects of synaptic vesicle trafficking, 
docking, and release. B) Schematic representation of the putative sea urchin 
neurotransmitter machinery. 
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4.3. Patterning and evolution of anterior neuroectoderm 
 
The scRNA-seq analysis discussed in this chapter revealed unprecedented 
neuronal diversity at gastrula and early pluteus developmental stages, identifying 6 
and 12 distinct neuronal populations, respectively. Amongst those neuronal 
populations, the striking majority of the gastrula (5 out of 6) and almost half of the 
pluteus ones (5 out of 12) were associated with anterior neuroectoderm (ANE) and 
apical plate (AP) domains (Figs. 4.8, 4.11).  Based on the observation regarding the 
high number of neuronal types originating from the ANE and AP, my attention was 
focused on investigating how these two cell types can give rise to such a high 
neuronal complexity. 
As previously mentioned in Chapter 1, ANE is one of the main neurogenic regions 
of the embryo giving rise to distinct neuronal types. For instance, 2-4 bilateral pairs 
of serotonergic neurons arise from this domain at gastrula stage. At larval stages, 
this domain appears to be flattened and thus called the apical plate. A thickened 
epithelium residing in the center of the apical plate contains sensory neurons and is 
commonly referred to as apical organ. Apical organs are phylogenetically widely 
spread to various marine metazoan larvae, including protostome (e.g., mollusks and 
annelids) and deuterostome larvae (e.g., echinoderms, hemichordates, and 
cephalochordates), and they are found in the most anterior ectodermal part of the 
larva. Apical organs are present during the larval stages and disappear after 
metamorphosis, suggesting that apical organs are used to detect environmental 
cues promoting settlement and metamorphosis. Apical organs are equipped with 
longer sensory cilia than the rest of the larval cilia, known as apical tuft and diverse 
neuronal populations.  
For animals in which molecular data is available, spatial gene expression data have 
been used to compare the molecular signature and especially the transcription 
factor content of apical organs and the neuronal distribution within them. This lead 
to the formation of comparative gene expression maps showing conserved co-
expression gene expression patterns. In a study by Marlow and coworkers, it was 
demonstrated that the transcription factors Six3 and Foxq2 are essential for the 
apical organ formation and patterning in several animal groups (cnidarians, 
annelids, hemichordates, echinoderms, and cephalochordates (Marlow et al. 
2014)). Moreover, it was shown that in the same animal groups, the apical organ's 
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restriction to the most anterior domain is a result of Wnt signaling inhibition in that 
domain. Furthermore, the neuronal composition of the apical organs in cnidarians, 
mollusks, annelids, hemichordates, echinoderms, and cephalochordates is very 
similar harboring in all cases neurons that produce the neurotransmitter serotonin 
(Marlow et al. 2014). Whether the serotonergic neurons' formation by apical organ 
cells is related to the conserved gene regulatory wiring is unknown. Nonetheless, 
the current data suggest that the apical domain wiring predates bilaterians. 
Additional comparative studies demonstrated that elements of the gene regulatory 
signature of the apical organs are also present in bilaterians with a direct mode of 
development and are found to be utilized in wiring anterior brain structures, 
suggesting a possible conservation of the anterior gene regulatory wiring and its co-
option into controlling the formation of anterior brain tissues (Loosli et al. 1998, 
Steinmetz et al. 2010, Posnien et al. 2011). Mainly, it has been hypothesized that 
apical organs and the forebrain share a common evolutionary history. The 
conserved role of the transcription factors Rx, Six3, Foxq2, and Fez in the 
specification of both apical organs and forebrain combined with the multifunctional 
role of both apical organs and forebrain regions in hormonal secretion, non-visual 
light perception, and circadian rhythm regulation are some of the main points 
supporting this hypothesis (Tosches and Arendt 2013, Marlow et al. 2014). 
Previous studies in sea urchin embryos and larvae demonstrated that the apical 
plate region shows compartmentalization of gene expression to distinct apical plate 
domains such as distal, medial, and central. Since the scRNA-seq analysis predicts 
only one anterior neuroectoderm apical plate cell type, subclustering analysis was 
applied in a similar approach as performed to assess neuronal diversity. To identify 
the different anterior/apical domains, the average expression of genes involved in 
restricting the size of the ANE/AP, genes associated with the apical tuft, and 
transcription factors known to be expressed in distinct such domains were plotted.  
Subclustering of the 2 dpf gastrula anterior neuroectoderm and of the 3 dpf apical 
plate cell clusters with using the resolution of 1.0 resulted in the generation of 4 
clusters at both developmental stages, which I was able to map based on the co-
expression or lack of it of known gene markers (Fig. 4.28).  
Antagonists of Wnt signaling such as Frizzled and Dkk genes shown to be essential 
for the restriction of the anterior neuroectoderm and thus apical plate to the most 
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anterior part of the embryo/larva are found to be enriched in two gastrula ANE 
subpopulations (ANE1 and ANE3), while the gene ankyrin-containing gene-specific 
for apical tuft-1(Ankat-1) (Yaguchi et al. 2010), which is essential for the apical tuft 
formation is found in all ANE subpopulations except from ANE3 (Fig. 4.28 A). On 
the other hand, the enzyme glutathione S-transferase theta-1 (Gsst) involved in the 
regulation of mechanical reception and swimming behavior (Jin et al. 2013) is found 
in all of the ANE subtypes (Fig. 4.28 A). Transcription factors such as Sp-Nkx2.1, 
Sp-Fez, Sp-Rx (Takacs et al. 2004, Yaguchi et al. 2011, Valencia et al. 2019) are 
highly correlated with the central anterior neuroectoderm domains as demonstrated 
by previous studies and are all found to be enriched in the ANE 3 population (Fig. 
4.28 A). Moreover, the combinatorial expression of genes that are shown to be 
expressed in the distal ANE and not within the central ANE domain such as Sp-Hbn, 
Sp-Six3, Sp-Tbx2/3, and Sp-FoxG (Wei et al. 2009, Yaguchi et al. 2011, Valencia 
et al. 2019) is detected in the ANE 1 population, while the transcription factor Sp-Hlf 
marker of the central and dorsal anterior neuroectoderm domain (Howard-Ashby et 
al. 2006) is found enriched in populations ANE 2 and 3 (Fig. 4.28 A). Concerning 
the subpopulations of apical plate present in the 3 dpf pluteus stage, plotting the 
same markers resulted in similar results. In more detail, the Wnt signaling 
antagonism was found to be active also in two apical plate populations (AP3 and 
AP4), the apical tuft associated gene Sp-Ankat-1 was found present in two subtypes 
(AP2 and AP3), while Sp-Gsst transcripts were ubiquitously expressed in all of the 
AP subpopulations (Fig. 4.28 B).  
Similarly to the 2 dpf dataset analysis, Sp-Nkx2.1, Sp-Fez, and Sp-Rx were found 
enriched in the apical plate 1 subtype, while Sp-Hbn, Sp-Six3, and Sp-Tbx2/3 were 
differentially expressed in the apical plate 4 subtypes (Fig. 4.28 B). Notably, 
transcripts of most of the already described gene markers were found to be enriched 
in distinct ANE/AP domains, in line with the available from literature information, 
except from the transcription factor Sp-Foxq2. As mentioned above, foxq2 is one of 
the key regulators of the apical organ formation and its role is evolutionary 
conserved in several animal groups (cnidarians, annelids, hemichordates, 
echinoderms and cephalochordates). The reason for the absence of Foxq2 
transcripts from all of the produced datasets is purely technical and is based on the 
reference transcriptome used for this analysis that lacks Foxq2 transcripts.  
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Figure 4.28. Anterior neuroectoderm and apical plate gene markers. Dotplots showing 
the average expression of genes involved in ANE/AP size restriction, signaling pathways, 
apical tuft formation, and function as well as key transcription factors at gastrula (A) and 
early pluteus (B) developmental stages.   
 
Next, I performed FISH and IHC of several of the analyzed gene markers to validate 
in vivo the co-expression predictions deriving from the scRNA-seq analysis (Fig. 
4.29 B). In order to also understand the subpopulations in which Foxq2 is 
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expressed, I cloned the Sp-Foxq2 gene and performed FISH and IHC with gene 
markers that were included in the single cell analysis.  
FISH performed on gastrulae using antisense RNA probes for Sp-Hbn and Sp-Emx 
showed that Sp-Hbn (Fig. 4.29 A1) and Sp-Emx (Fig. 4.29 A3) transcripts are co-
localized in the distal ANE region, while Sp-Emx transcripts are also found within 
central ANE. Sp-Frizz5/8 (Fig. 4.29 A2) is expressed in the central and medial parts 
of the ANE as well as Sp-SoxC (Fig. 4.29 A4). Co-expression analysis of the Fgf 
ligand-receptor Sp-Fgfr1 and the transcription factors Sp-Nkx2.1 and Sp-Foxq2 
showed that their transcripts co-localized in the central ANE domain (Fig. 4.29 A5, 
A6). Since, according to the scRNA-seq analysis, Sp-Nkx2.1 and Sp-Fgfr1 partially 
co-localize only in the ANE population 3 (Fig. 4.28 A), and given that Sp-Foxq2 
transcripts are found to col-localize with transcripts of both genes, it is safe to say 
that also Sp-Foxq2 is expressed in the ANE 3 domain. In support of this, FISH paired 
with IHC shows that there are no Sp-Foxq2 positive cells that do not express Sp-
Nkx2.1 (Fig. 4.29 A5, A6) and that all Sp-Foxq2 positive cells produce Sp-Fgfr1 (Fig. 
4.29 A5). Furthermore, in the same ANE population, partial co-localization of Sp-
IrxA and Sp-Fgf9/16/20 was found (Fig. 4.29 A7, A8, A9, A11). Sp-SoxB2 was found 
to be expressed in the distal and central domains of the ANE (Fig. 4.29 A9), while 
Sp-Tbx2/3 transcripts were detected in the distal and medial ANE region (Fig. 4.29 
A12).   
Performing FISH experiments on 3 dpf pluteus larvae for Sp-Six3, Sp-Tbx2/3 and 
Sp-Hbn and Sp-IrxA showed a broad expression of these genes in the apical plate 
region, although all three of them were found to be expressed in the central region 
of it (Fig. 4.29 B1, B2, B3, B8). The partial co-localization of Sp-Fgf9/16/20 observed 
at 2 dpf gastrula seems to be abolished at pluteus stage, since no double-positive 
cells for such genes could be detected (Fig. 4.29 B5). Sp-Frizz5/8 was found to be 
expressed in the central AP domain, while Sp-Emx transcripts were detected in the 
most distal AP regions (Fig. 4.29 B4, B6). Concerning the expression of Sp-Foxq2, 
it was found to be co-expressed in the same cells are Sp-Nkx2.1 (Fig. 4.29 B7), 
similar to what has been observed at gastrula stage, suggesting that Sp-Foxq2 is 
expressed by the AP1 cell population.  
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Figure 4.29. Molecular signature of ANE/AP regions. A) FISH of S. purpuratus 2 dpf 
embryos with specific antisense probes transcription factors Sp-Hbn (A1), Sp-Frizz5/8 (A2), 
Sp-Emx (A3, A10), Sp-SoxC (A4), Sp-Foxq2 (A5, A6), Sp-Fgfr1 (A5), Sp-IrxA (A7), Sp-
Fgf9/16/20 (A6, A9, A11) and Sp-Tbx2/3 (A12). B) FISH of S. purpuratus 3 dpf larvae with 
specific antisense probes transcription factors Sp-Tbx2/3 (B1), Sp-Six3 (B2), Sp-Hbn (B3), 
Sp-Frizz5/8 (B4, B6), Sp-fgf9/16/20 (B5), Sp-Emx (B6), Sp-Foxq2 (B7), Sp-IrxA (B8). FISH 
shown in figures A5-A7, A10-A12, B5, and B7 are paired with immunohistochemical 
detection of the transcription factor Sp-Nkx2.1, while FISH shown in A9 is paired with IHC 
detection of the transcription factor Sp-SoxB2. Nuclei are labeled with DAPI (in blue). All 
images are stacks of merged confocal Z sections.  
 
Combination of the information obtained by the scRNA-seq analysis and the 
spatial/temporal expression of the aforementioned gene markers, I was able to build 
a provisional map showing the spatial distribution of the different anterior 
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neuroectoderm and apical plate regions (Fig. 4.30 A, B). Taking into account the 
possible high transcriptomic similarity between the subpopulations of the anterior 
neuroectoderm and apical plate putative broad cell types, I also repeated the 
subclustering analysis keeping all the variables constant and by changing the 
FindClusters resolution from 1.0 to 1.5. Since both anterior neuroectoderm and 
apical plate clusters consist of relatively similar number of cells (Table 3.1), in case 
both datasets consist of the same subpopulations changing the resolution would 
evenly increase the number of sub-clusters produced. This analysis led to the 
generation of 6 anterior neuroectoderm subtypes and 10 apical plate cell types, 
suggesting using resolution 1.0 could not identify subtle transcriptomic differences 
between the subpopulations (Fig. 4.30 C). These preliminary data suggest that there 
is an increasing complexity in apical plate patterning and wiring, which could be in 
line with the increasing demand for neurogenesis that takes place during larval 
development. Overall the results of the initial subclustering analysis depict a core of 
four distinct regulatory domains at both 2 and 3 dpf developmental stages. Whether 
the additional cell types occurring while increasing the resolution reflect additional 
cell types or different regulatory states of the already identified anterior/apical 
domain subpopulation will be determined by future studies.  
In a review study by Beccari and coworkers, the authors used molecular data 
deriving from studies in Xenopus, Medaka, Zebrafish, chick, and mouse to 
reconstruct the backbone of a conserved gene regulatory network operating during 
the specification of the anterior neural plate in vertebrates (Beccari et al. 2013). This 
GRN consists of gene homologs with conserved interactions among those species 
that are all necessary for the specification of the anterior neural plate that will give 
rise to the forebrain and the distinct structures telencephalon, hypothalamus, retinal 
field, and diencephalon (Figure 4.32 A). Taking into account the information 
provided by the former study, the hypothesis that the molecular signature of the 
apical organs contains evolutionary conserved elements that predate bilaterians, 
and that the apical organs share molecular and functional features with forebrain 
regions, I set out to investigate the extent to which these elements are conserved in 
the sea urchin. 
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Figure 4.30. Mapping of the distinct ANE/AP regions. A) UMAP showing the annotated 
anterior neuroectoderm populations of 2 dpf gastrula embryo and their putative spatial 
location on the ANE domain. B) UMAP showing the annotated apical plate populations of 3 
dpf pluteus larva and their putative spatial location on the AP domain. C) UMAP showing 
additional subclustering analysis of the anterior neuroectoderm and apical plate putative 
broad cell types. Note: The coloring of the ANE and AP schematic representations in A and 
B corresponds to their clustering color-code and does not imply a similarity between the 
ANE and AP domains.  
 
Plotting of the sea urchin homologs of the genes involved in the anterior neural plate 
specification led to identifying a conserved molecular signature between the sea 
urchin apical plate and the vertebrate anterior neural plate (Fig. 4.31). In more detail, 
15 homologous genes including the transcription factors Sox2, Otx2, Fez, Six3/6, 
Prox1, Rx, Nkx2.1, Lhx2, Pax6, Tcf3/4/12-like, Mab21l2 and Lmo4 as well as the 
Fgf and Sonic Hedgehog ligand Fgf8/17/18 and Shh respectively, were found in 
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apical domain cell types. Notably, all of the genes mentioned above were found to 
be expressed in anterior neuroectoderm regions of the 2 dpf gastrula (Fig. 4.31 A), 
apical plate domains of the 3 dpf early pluteus larva (Fig. 4.31 B) as well as in the 
apical regions originating from the subclustering of the 2 and 3 dpf integrated data 
(Fig. 4.31 C).  FISH experiments for the genes Prox1, Pax6, Six3/6, Otx2, revealed 
the spatial localization of those transcripts in the apical plate domain of the 3 dpf 
early pluteus in line with the single cell predictions (Fig. 4.31 D).  
 
 
Figure 4.31. The anterior neural plate gene toolkit is conserved in sea urchin. Dotplots 
showing the average expression of transcription factors and signaling molecules involved 
in the specification of the anterior neural plate in vertebrates at 2 dpf (A), 3 dpf (B), and 2 & 
3 dpf integrated (C) datasets. D) FISH using antisense RNA probes for the Sp-Prox1, Sp-
Pax6, Sp-Six3/6 and Sp-Otx2 genes. Nuclei are labeled with DAPI (in blue). All images are 
stacks of merged confocal Z sections. Note: the vertebrate homolog name was used. 
 
These results provide insight into the conservation of the molecular toolkit used to 
wire these two anterior domains as they provide evidence that the apical domain 
and anterior neural plate specification pathways are occurring through similar 
molecular toolkits (Figure 4.32 B). Moreover, these data are in line with the 
hypothesized evolutionary origins of the forebrain from the invertebrate apical 
plates. However, no definite conclusions can be drawn until similar toolkits are 
identified in a broader spectrum of organisms. Additionally, future studies are 
needed to identify the wiring between those conserved genes to understand whether 
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the conservation observed at a patterning level is also reflected at a gene regulatory 
network level.  
 
Figure 4.32. Apical neural plate and ANE/AP molecular signature conservation. A) 
Backbone of a GRN guiding the specification of apical neural plate adapted from Beccari, 
Marco-Ferreres, et al. 2013. B) Sea urchin homologs of genes shown in A with yet unknown 
wiring as identified by this work. Note: the vertebrate homolog name was used. 






Pancreatic-like cell types in sea urchin 
 
Previous studies identified two pancreatic-like cell populations residing within the 
sea urchin larva’s digestive tract that bear exocrine and endocrine-like 
characteristics and are involved in the feeding process. Based on these 
observations, I continue my analysis investigating the pancreatic signature of such 
cell types and whether other cell types also utilize a similar pancreatic-like molecular 
program. This chapter contains the results of this analysis identifying neuronal and 
non-neuronal cells with an endocrine pancreas-like signature and at least one 
neurosecretory type, whose genetic wiring is very similar to the vertebrate β-
endocrine cells. Detailed results discussed in this chapter can be found in the Non-











   P a g e  | 157 
 
5.1 . Pancreatic cell types 
 
The survival of an organism depends on its capability to find and catch food and 
digest the food source. Digestion relies on the production and secretion of digestive 
enzymes that metabolize large biomolecules like proteins to amino acids and 
hormones involved in the metabolism and glucose homeostasis. In vertebrates, 
these processes are being orchestrated by a multifunctional organ, the pancreas.  
The pancreas is a complex organ that bears specialized cell types that are 
responsible for its multi-functionality. In detail, pancreas is a mixed endocrine and 
exocrine gland consisting of exocrine and endocrine cells producing digestion 
zymogens (carboxypeptidases, amylases, lipases, proteinases) and hormones 
(insulin, glucagon) that are in direct contact with a ductal epithelium that neutralizes 
those enzymes. The cellular composition of pancreas is widely conserved among 
vertebrates, although the spatial distribution varies across taxa.  
For instance, in the mammalian pancreas, the endocrine cells cluster together to 
form islets (islets of Langerhans), which are embedded within the exocrine tissue, 
and that cell arrangement is observed only in the mammalian clade (Fig. 5.1).  
 
 
Figure 5.1. Pancreatic cell types in mammals. Schematic representation of a mammalian 
pancreas depicting the embedding of the five distinct endocrine cell types within the 
exocrine acinar tissue (Figure adapted from Efrat and Russ 2012).  
 
In addition, the cells constituting the exocrine tissue are grouped into distinct 
structures, the acini (acinar cells).  The mammalian islets of Langerhans consist of 
five specialized cell types, including β-cells that produce the hormone insulin that 
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maintains the bloodstream glucose at low levels, α-cells that produce glucagon with 
an opposite effect in regards to insulin, δ-cells that produce and secrete 
somatostatin regulating the release of both insulin and glucagon. In contrast, PP 
and ε-cells producing the pancreatic polypeptide and hormone ghrelin respectively, 
are involved in food intake regulation (Edlund 2002, Batterham et al. 2003, Rindi et 
al. 2004, Rindi et al. 2004).  
In other vertebrates such as teleosts, the organization of the pancreatic cell types 
appears to be more simplified with pancreas-like organs consisting of endocrine 
cells organized in islets but not embedded within the exocrine tissue (Falkmer et al. 
1985, Yui and Fujita 1986, Youson et al. 2006). The formation of a distinct pancreas-
like organ seems to be a vertebrate innovation as no such structure can be identified 
in non-vertebrate chordates. However, gene expression studies showed that while 
no pancreas is present in cephalochordates and tunicates, several pancreatic-like 
cell types are dispersed throughout the digestive tract (Reinecke and Collet 1998, 
Olinski et al. 2006, Arda et al. 2013, Lecroisey et al. 2015). In the sea urchin, a non-
chordate deuterostome, exocrine pancreas-like cells have been found present in the 
upper part of the larval stomach organized in a belt-like structure, while endocrine 
pancreas-like cells producing insulin have been identified in a neighboring region 
(Perillo and Arnone 2014, Perillo et al. 2016).  
Similar, pancreatic-like cell types have been identified in cnidarian members 
suggesting that a pancreatic-like machinery might have been present in the last 
common ancestor of cnidarians and bilaterians. In more detail, scRNA-seq of 
Nematostella vectensis revealed genes encoding for secreted digestive enzymes 
that were restricted to the FoxA positive domains of the pharynx cnidoglandular tract 
(Sebe-Pedros et al. 2018). Furthermore, a similar spatial distribution of exocrine and 
insulin-producing cells has been reported in ectodermally derived cell types of the 
sea anemone (Steinmetz et al. 2017).   
 
5.2 . Pancreatic development 
 
Organogenesis occurs during embryonic development, and organ-identity is 
established by GRNs that are promoting distinct regulatory programs on multipotent 
cells. One of the most well-characterized organogenetic regulatory programs in 
vertebrates and especially in mice concerns pancreas development (Slack 1995, 
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Pearl et al. 2009, Wilfinger et al. 2013). The developmental cascade, whose lineage 
is schematized in Fig. 5.2, includes specific terminal differentiation gene batteries, 
which members have been identified, and their role has been assessed. Many of 
these genes are necessary for the specification of the initial endodermal region that 
will form the pancreas as well as the differentiation of pancreatic progenitors to 
various pancreatic cell types.  
 
Figure 5.2. Simplified lineage model of pancreatic differentiation cascade in 
mammals. Key transcription factors that mark each lineage are reported. 
 
In mice, the pancreas develops from protrusions of the foregut after receiving 
morphogenetic signals (Hedgehog, Fgf, Notch, Wnt, and Tgf-β) from neighboring 
mesodermal and ectodermal cell types (Edlund 2002, Oliver-Krasinski and Stoffers 
2008). The first step of pancreas development is the formation of a multilayered 
epithelium containing microlumen structures, the pancreatic buds, and is a result of 
multipotent cell proliferation initiated by signals deriving from the notochord and the 
surrounding tissues.  During the next phase, these microluminar structures fuse to 
create an epithelial network divided into distinct tip and trunk regions, while in 
parallel pancreatic cell type specification and differentiation occurs. The specified 
pancreatic progenitors can give rise to both endocrine progenitors and exocrine 
acinar cells, while their pluripotent cell state depends on several transcription factors 
(Grapin-Botton and Melton 2000, Jensen 2004). In particular, pancreatic and 
duodenal homeobox 1 (Pdx1) and pancreas-specific transcription factor 1a (Ptf1a) 
are amongst the first transcription factors to be activated within the primitive gut tube 
(Burlison et al. 2008), and silencing of either of those genes results in pancreatic 
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agenesis in mice (Ahlgren et al. 1996, Kawaguchi et al. 2002, Marty-Santos and 
Cleaver 2016). Both of those transcription factors have been found to have a dual 
role in the initial steps of pancreatic progenitor specification and cell type 
differentiation. In particular, Ptf1a is also essential for the differentiation of acinar 
cells (Zecchin et al. 2004), while Pdx1 is re-utilized to promote β-cells differentiation 
(Macfarlane et al. 1999, Afelik et al. 2006). The high importance of Pdx1 in 
orchestrating the GRN guiding pancreas formation and the endocrine cell fate is 
highlighted by its early expression necessary to activate, in combination with other 
transcription factors, a specific regulatory state in the confined region of the primitive 
gut that will give rise to the pancreas and its later role in the differentiation of the 
endocrine β-cells. 
Subsequent activation of the transcription factors Ngn3, NeuroD, and Nkx2.2 in a 
subpopulation of pancreatic progenitors seals their fate in differentiating into 
endocrine progenitors (Schwitzgebel et al. 2000, Dalgin and Prince 2015, Churchill 
et al. 2017). The process of acquiring an endocrine versus an exocrine fate is being 
regulated by Notch signaling as it has been demonstrated that active Notch 
signaling promotes exocrine fate through the activation of Ptf1a and the repression 
of Ngn3 (Qu et al. 2013). Moreover, the transcription factors  Mist1 and Rbpj that 
are also activated due to Notch signaling regulate exocrine function and promote 
exocrine fate, respectively (Pin et al. 2001, Fujikura et al. 2007). 
The endocrine progenitor cells further differentiate into five types of mature 
endocrine cells under the influence of specific gene regulatory interactions. In the 
case of β-cells, their differentiation depends on a gene regulatory core consisting of 
the transcription factors Pdx1, NeuroD, Islet1, Nkx2.2, Pax6, Mnx, Rfx6, and Rfx3 
and silencing of either of those genes results in impairment of β-cell maturation and 
β-cell function, (Ait-Lounis et al. 2010, Gu et al. 2010, Gosmain et al. 2012, Ediger 
et al. 2014, Piccand et al. 2014, Pan et al. 2015, Gutierrez et al. 2017). In contrast, 
the transcription factor Brn4 is the dominant regulator of glucagon expression in 
another endocrine cell population, the α-cells (Hussain et al. 2002).  
Until recently, identifying the pancreatic cell types and the GRNs underlying their 
differentiation was solely based on experimental studies spanning from 
morphological analysis, lineage tracing, and investigation of selected gene 
candidates to mutagenesis (Arda et al. 2013). Recent advances in single cell 
transcriptomics have allowed an extensive characterization of the pancreatic 
differentiation cascade overcoming the limitations of approaches used in the past. 
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Due to the advantages that this method has to offer, it comes as no surprise that an 
organ with complex developmental and evolutionary history, such as the pancreas, 
was amongst the first specimens to be analyzed at a single cell resolution (Baron et 
al. 2016, Muraro et al. 2016). Nowadays, several scRNA-seq studies have been 
carried out mostly on human and mice in an attempt to gain insight into the 
regulatory mechanisms that guide pancreatic development and how disruption of 
such mechanisms leads to pancreatic diseases (Wang et al. 2016, Wollny et al. 
2016, Enge et al. 2017, Tritschler et al. 2017, Ramond et al. 2018, Belle and 
DeNardo 2019, Gao et al. 2019, Glinka et al. 2019, Luo et al. 2020). 
ScRNA-seq technology, apart from allowing the identification of the cell types 
present in an organism or organ, can also be used as a tool to reconstruct cell type 
evolution (Arendt et al. 2016). Such an approach was followed in a study by Baron 
and colleagues to compare the cell types patterning the pancreas of humans and 
mice at a single cell transcriptomic level (Baron et al. 2016).  The findings of this 
study include the observation of an unprecedented diversity among the inter-species 
pancreatic cell types, identifying novel types of ductal cells and endocrine 
progenitors, as well as a high level of molecular signature conservation between 
human and murine pancreatic cell types (Baron et al. 2016). 
 
5.3 . Pancreatic cells and nervous system 
Cell types within an organism with similar molecular fingerprints, morphology, and 
physiological roles usually have shared developmental histories. However, there are 
cases in which cell types, such as the pancreatic β- cells and neurons, that share 
many features but have separate developmental origins.  
The physiology of both pancreatic β-cells and neurons includes several shared 
elements (Alpert et al. 1988, Eberhard 2013). For instance, both cell types can 
produce, secrete and respond to polypeptide hormones (Pearse and Polak 1971, 
Fujita et al. 1980) and neuromodulators (Reetz et al. 1991, Maechler and Wollheim 
1999). Strikingly the mechanism by which β-cells produce, store and secrete insulin 
upon induction is almost identical to how neurons produce, store and initiate their 
neuronal signaling (Henquin and Meissner 1984). Moreover, these shared features 
are also reflected in the repertoire of genes they express and their genetic wiring. 
The specification of both cell types depends on Hedgehog, Fgf, Notch, Wnt, and 
Tgf-β signalings (Lasky and Wu 2005, Machon et al. 2007, Belgacem et al. 2016, 
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Diez Del Corral and Morales 2017, Meyers and Kessler 2017), while transcription 
factors involved in β-cell differentiation such as Ngn3, Pdx1, Islet, NeuroD are also 
crucial for neural differentiation (Thor et al. 1991, Vult von Steyern et al. 1999, Kim 
et al. 2001, Schuurmans and Guillemot 2002, Song et al. 2010, Zhu et al. 2017) in 
mammals.  
The many similarities in terms of physiology, function, and molecular signature 
raises many questions on how these two cell types ended up being similar. Are β-
cells and neurons part of the same differentiation lineage? Is the similar gene 
regulatory program a result of convergent evolution and a co-option of a similar 
regulatory program? The hypothesis of β-cells and neurons sharing common 
developmental origin has been discouraged by experimental data showing that 
these two cell types arise from different germ layers during development. Moreover, 
inhibition of neurogenesis by removal of the neural tube prior to neural crest 
migration did not affect the formation of pancreas in rats (Pictet et al. 1976), while 
transplantation experiments of neural crest cells revealed no contribution in the 
formation of endocrine cells in chick embryos (Fontaine et al. 1977).  
A possible explanation for the genetic similarities of these two cell types is that they 
arose through convergent evolution by co-option of a neuronal preexisting gene 
regulatory program (Arntfield and van der Kooy 2011) (Fig. 5.3) . This theory is being 
supported based on the widespread distribution of neuronal or neuronal-like cells 
across metazoa that, in many cases, also produce insulin and the reports on lack of 
specific gut cells producing insulin in several animal clades. 
According to the proposed mechanism a mutation on the promoter region of a 
master gene regulator initiating the neuronal program in neurons allowed its 
activation in several gut cells and thus promoting a neuronal program (Arntfield and 
van der Kooy 2011). Whether this initial endocrine cell expressed a common 
program to all neurons or a program that was present in distinct neuronal 
populations is not clear. The co-option of a generalized neuronal program is 
supported by the fact that the nervous system components can produce several 
pancreatic hormones and that pancreatic cells bear neuron-like features, and that 
β-endocrine cells arise from a generalized population and not from insulin-producing 
cells (Arntfield and van der Kooy 2011). On the other hand, the co-option of a 
program expressed by a β pancreatic-like cell is supported by the fact that several 
transcription factors expressed in pancreatic progenitors are also reutilized to guide 
the differentiation of the β-cells and that β-endocrine cells can proliferate and give 
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rise to new β-cells (Arntfield and van der Kooy 2011). However, the only way to 
validate the extent of that theory and the type of neuronal program co-opted would 
be to identify when specialized β-endocrine gut cells appeared during evolution and 
investigate the neuronal and non-neuronal expression profiles of pancreatic-like 
genes.  
 
Figure 5.3. Proposed model describing the evolution of the endocrine pancreas 
(Arntfield and van der Kooy 2011). A) Convergent evolution model by which the mutation 
on the promoter of a neuronal master transcription factor regulator allowed its activation on 
gut cells. B) Model by which the initial endocrine cells adopted a common neuronal program 
giving rise to a common endocrine cell. C) Model by which the initial endocrine cell adopted 
a specialized neuronal regulatory program resembling a β-endocrine cell rather than a 
common endocrine cell.  
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5.4 . Pancreatic-like cell types in sea urchins  
Even though the formation of the pancreas as a distinct organ is a vertebrate feature, 
gene expression and functional studies identified several pancreatic-like cell types 
in animals outside this clade, including echinoderms.  
In the sea urchin S. purpuratus, cells located in the upper part of the larval stomach 
(exocrine pancreas-like cells) were found to co-express pancreatic exocrine genes 
involved in food digestion, while their gene regulatory program depends on the 
Notch signaling pathway and the Sp-Ptf1a activation (Perillo et al. 2016). 
Furthermore, it was demonstrated that apart from the gene expression conservation, 
the sea urchin homolog of the vertebrate Ptf1a gene can substitute for its vertebrate 
homolog in activating downstream gene targets (Perillo et al. 2016). In addition to 
the exocrine pancreas-like cells, sea urchin larva also contains specialized gut cells 
that produce a structurally similar to the cephalochordate amphioxus insulin-like 
peptide (Perillo and Arnone 2014). Interestingly, the insulin positive cells were found 
in the intestinal region of the larva, which is known to be patterned and controlled 
by the sea urchin homolog of the vertebrate Pdx1 gene (Cole et al. 2009).  
Based on the presence of at least two distinct pancreatic-like cell types in the sea 
urchin larva, next, I set out to investigate which other genes involved in the 
development of the vertebrate pancreas can be traced back to sea urchin cell types 
and whether I could find any evidence supporting the co-option of a neuronal genetic 
program by pancreatic β-cells. Since the presence of the first differentiated 
pancreatic-like cell type (exocrine pancreas-like cells) in the sea urchin larva has 
been reported at the 3 dpf S. purpuratus larva, my scRNA-seq analysis was focused 
on that specific time-point.   
The first step to address those questions was to plot the average expression of sea 
urchin homologs of vertebrate transcription factors involved in distinct and 
representative steps of pancreas formation. Plotting for sea urchin homologs of the 
vertebrate transcription factors FoxA2, Sox9, Gata6, Ngn3 expressed by pancreatic 
progenitors, the transcription factors Pdx1, Nkx6.1, Pax6, NeuroD1, Mnx, Islet, 
Nkx2.2, Rfx3, Rfx6 guiding β-cell differentiation, the transcription factor Brn4 
promoting the production of glucagon in α-cells and genes exclusively expressed in 
acinar cells such as the transcription factors Ptf1a, Rbpj, Mist, as well as genes 
encoding form zymogenes Cpa, Amy, Pnlip, allowed me to assess their presence 
and putative enrichment in distinct cell types (Figs. 5.4, 5.5). 
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5.4.1. Exocrine pancreas-like cells 
 
Ptf1a, Mist, Cpa, Amy, and Pnlp transcripts according to the scRNA-seq analysis 
are predicted to be all differentially expressed in a single putative broad cell type, 
the exocrine pancreas-like, as previously demonstrated by FISH in Perillo et al. 
2016, validating that the single cell approach can be used as a means to identify 
pancreatic-like identities (Figs. 5.4, 5.5 H). In addition to the already known exocrine 
pancreas-like gene markers, the transcription factor Rbpj, which is a member of the 
Ptf1a complex, that binds to the promoter of other acinar specific genes as well as 
of the digestive enzymes was found to be expressed in the exocrine pancreas-like 
cell type (Fig. 5.4). The presence of Rbpj transcripts in the same putative broad cell 
type as Ptf1a, and the ability of the sea urchin homolog of the vertebrate Ptf1a gene 
to normally interact with the mammalian Rbpj (Perillo et al. 2016), implies that similar 
regulatory interactions between Rbpj and Ptf1a might take place in the sea urchin 
larva exocrine cells. Notably, expression of the transcription factors Pax6 (Fig. 5.5B) 
and Gata6, involved in endocrine (Mitchell et al. 2017) and exocrine pancreas 
(Martinelli et al. 2013), respectively, was also detected in the exocrine pancreas 
cells (Fig. 5.4). It has been demonstrated by several studies that silencing of Pax6 
results in loss of β-cell due to the inability of cells constituting the islet of Langerhans 
to properly differentiate (Hart et al. 2013, Mitchell et al. 2017). Its presence in the 
exocrine-like pancreas cell type might reflect either an unknown role in exocrine cell 
differentiation or a reminiscent of an ancient role of Pax6 was in promoting the 
differentiation of exocrine tissues that was evolutionary shifted towards promoting 
endocrine fate.  
 
5.4.2. Endocrine pancreas-like cells  
 
While the genes composing the molecular signature of the exocrine pancreas-like 
cell type were all found to be enriched in a single cell type, the rest of the 
transcription factors were broadly expressed in several cell types suggesting that 
they have a broader function in sea urchins than their chordate counterparts. 
Interestingly, a significant overlap of these transcription factors, especially those 
promoting β-cell differentiation, was found in the neuronal, intestinal, and pyloric 
sphincter putative broad cell types (Fig. 5.4). This is an interesting observation since 
it implies that β-endocrine-like genetic programs are operating in both the neurons 
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and gut cells of an invertebrate, making the sea urchin larva an ideal model to study 
whether the possible co-option of a genetic program was based on a pan-neuronal 
or specialized program.  
 
Figure 5.4. Pancreatic-like cell types in the sea urchin larva. Dotplot showing the 
average expression of a subset of genes whose chordates homologs are known markers 
of pancreatic endocrine progenitors, β-cells, α-cells, and acinar cells.   
 
The combinatorial presence of Pdx1, Nkx2.2, Nkx6.1, Mnx, NeuroD1, Rfx3, and 
Rfx6 transcripts in the two endodermally derived putative broad cell types, in which 
also insulin has been detected by FISH and IHC at later larval stages (Perillo and 
Arnone 2014), suggests that those genes are part of the gene regulatory network 
controlling the differentiation of the insulin-producing cells. Moreover, the 
transcription factors FoxA and Gata6 involved in the initial steps of pancreas 
progenitors formation are found in the intestinal and pyloric sphincter cell types, 
respectively (Decker et al. 2006, Zinovyeva et al. 2016). On the other hand, no 
insulin transcripts were found in any of the single cell analyzed datasets, which is in 
line with previous reports demonstrating that insulin starts to be expressed from the 
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10 dpf larva stage and onwards (Perillo and Arnone 2014). Nonetheless, intestinal 
and pyloric sphincter putative broad cell types share both molecular and functional 
characteristics with the β-endocrine cells, including their dependence on the 
function of Pdx1, since silencing of Pdx1 results in gut malformations. Such 
malformations include the loss of the pyloric sphincter, lower stomach capacity, and 
misdifferentiated intestinal cells (Cole et al. 2009, Annunziata et al. 2014). 
Taking into account the expression pattern of these genes, as revealed by the 
scRNA-seq analysis, the role of their chordate homologs in the differentiation of β-
cells (Sharma et al. 1999, Wendik et al. 2004, Doyle and Sussel 2007, Ait-Lounis et 
al. 2010, Smith et al. 2010, Perelis et al. 2015, Ray et al. 2016), and the late 
production of insulin in the same larval domains, lead to a possible scenario by 
which these two endodermal putative broad cell types with a β endocrine cell-like 
molecular signature are still differentiating. However, more information is needed to 
reach a safe conclusion on the differentiation status of these cells at this time-point 
and to identify which is the molecular signature of the cells that produce insulin later 
in development.   
Apart from endodermally derived cell types exhibiting a strong β endocrine-like 
pancreatic signature, the pancreatic gene markers FoxA, Ngn3, Pdx1, NeuroD1, 
Islet, Rfx3, Brn4, and Mist were differentially expressed also in the neuronal putative 
broad cell type (Fig. 5.4). At the same time, neuronal expression of these genes has 
also been reported in several animal models (Blader et al. 2004, Ferri et al. 2007, 
Park et al. 2008, Sun et al. 2008, Boutin et al. 2010, Simon-Areces et al. 2010, 
Benadiba et al. 2012, D'Amico et al. 2013). Furthermore, the involvement of the sea 
urchin homologs of Brn4 and Ngn3, Brn1/2/4, and Ngn has been already well 
established with Brn1/2/4 promoting the differentiation of all neurons through a 
transient expression followed by the expression of terminal differentiation genes 
(Wei et al. 2016, McClay et al. 2018) and Ngn being necessary for the specification 
of cholinergic ciliary band neurons (Slota and McClay 2018). Moreover, FISH data 
have previously demonstrated that Pdx1 is expressed apart from the endoderm 
(Cole et al. 2009) also in ectodermal cells alongside Brn1/2/4 in S. purpuratus larva 
(Cole and Arnone 2009).  




Figure 5.5. Expression patterns of pancreatic transcription factors. FISH using 
antisense RNA probes for FoxA (A), Pax6 (B), Rfx6 (C), Nkx6.1 (D), Ngn (E), Islet (F), Brn4 
(G), and Ptf1a (H). Nuclei are labeled with DAPI (in blue). All images are stacks of merged 
confocal Z sections. A, anus; Ep, Exocrine pancreas; Int, intestine; Ps, the pyloric sphincter 
 
To identify the spatial distribution and possible co-expression patterns of the 
pancreatic transcription factors that were expressed in the neuronal putative broad 
cell type, I plotted for their average expression in the neuronal subclustering Seurat 
object (Fig. 5.6). This analysis revealed that although the pancreatic-like 
transcription factors were broadly expressed across the nervous system, three 
subpopulations were defined by the differential combinatorial expression of FoxA2, 
Ngn3, Islet, Brn4 Pdx1, Brn4, Mnx, and Mist (Fig. 5.6). Furthermore, the co-
localization of Pdx1 and Brn4 in one neuronal population proposed that the 
ectodermal cells previously identified as Pdx1/Brn4 double-positive ectodermal cells 
are indeed neurons.  
According to the theory supporting the convergent evolution of β-endocrine cells 
and neurons, β-pancreatic cells arose either from the gut adopting a general 
neuronal program or a specific one (Arntfield and van der Kooy 2011). 
Subsequently, these gut cells would either bear characteristics resembling 
pluripotent endocrine cells giving rise to diverse endocrine types or specialized in 
making specific gene products. Based on the expression profile and the enrichment 
of the pancreatic transcription factors in three neuronal populations, it seems that 
three different pancreatic-like gene regulatory networks are present in the sea urchin 
nervous system. These neuronal populations contain transcription factors activated 
during distinct steps of the mammalian endocrine pancreas differentiation process, 
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although these genes have never been shown to be expressed in such a 
combinatorial way. Nonetheless, it is evident that an endocrine pancreas-like 
molecular signature is possibly guiding neuronal differentiation and function. 
 
Figure 5.6. Average expression of pancreatic transcription in the nervous system of 
the 3 dpf pluteus larva. Dotplot showing the average expression of the transcription factors 
FoxA2, Ngn3, Pdx1, NeuroD1, Mnx, Islet, Brn4, Mist, and their distribution in sea urchin 
larva neurons.  
 
Based on the dominant role of the mammalian homolog of Sp-Pdx1 during both the 
initial specification of pancreatic progenitors and during the differentiation and 
maturation of β-endocrine cells (Wilson et al. 2003, Fujimoto and Polonsky 2009, 
Zhu et al. 2017), its significance in promoting the differentiation of sea urchin gut 
endocrine-like cell types (Cole et al. 2009, Annunziata et al. 2014) and its expression 
in endodermal insulinergic cells during late larval development (Perillo 2013), the 
attention was focused in neuronal cell types expressing Sp-Pdx1. 
 
5.5 . Sp-Pdx1 is expressed in differentiated neurons 
As mentioned above, FISH data have demonstrated that Sp-Pdx1 is expressed in 
the posterior endoderm and co-expressed with Sp-Brn1/2/4, the sea urchin homolog 
of the mammalian α-cells differentiation marker Brn4, in distinct ectodermal cells 
(Cole and Arnone 2009, Cole et al. 2009). Performing IHC experiments using an 
anti-Sp-Pdx1 antibody (Annunziata and Arnone 2014) and the marker of 
differentiated neurons Synaptotagmin B (Burke et al. 2006), showed that these cells 
are neurons (Figure 5.7 A-C), which is in line also with the scRNA-seq analysis 
performed on an earlier larval stage. Based on their transcriptomic profile (Figure 
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4.9) and spatial location, these neurons correspond to the larval lateral/post-oral 
neurons (Figure 5.7 A-C).  
Figure 5.7. Neuronal expression of Sp-Pdx1. (A–C”) Sp-Pdx1 (magenta) and SynB 
(green) protein localization in late larvae. Insets on the right highlight the expression of Sp-
Pdx1 in the nuclei of the cells. Nuclei are labeled with DAPI (in blue). All images are stacks 
of merged confocal Z sections. es, esophagus; in, intestine; mo, mouth; st, stomach; lv, 
lateral view; ov, oral view (Figure adapted from Perillo et al. 2018). 
 
While Sp-Pdx1 protein was detected only in the lateral neurons of the larva, FISH 
using an antisense probe for Sp-Pdx1, revealed a more dynamic expression in 
distinct cells of the foregut, the Sp-Brn1/2/4 positive lateral and post oral neurons, 
as well as cells associated with the anterior/apical domain of the embryo and larva. 
At gastrula stage, Sp-Pdx1 transcripts were also detected in cells within the anterior 
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neuroectoderm domain (Fig. 5.8 A), while at pluteus stage, expression in the apical 
domain was still present although restricted to a subset of cells (Fig. 5.8 B). 
Interestingly, scRNA-seq was able to detect Sp-Pdx1 transcripts only in one 
population of cells constituting the anterior neuroectoderm at gastrula stage, while 
no transcripts were found in any apical plate populations (Fig. 5.9). To investigate 
whether the signal obtained by FISH in the apical domain of pluteus is an artifact of 
the technique or indication of real expression, I considered the possibility that Sp-
Pdx1 is expressed in the neuronal cells harbored within the apical plate. Indeed, 
plotting of Sp-Pdx1 using the object containing the neuronal subclustering for the 3 
dpf larva showed that Sp-Pdx1 is found in two apical plate associated neuronal 
populations (Fig. 5.9).   
 
Figure 5.8. FISH localization of Sp-Pdx1 transcripts. FISH using an antisense RNA 
probe for Sp-Pdx1 at gastrula (A) and pluteus stages (B).  Insets show the localization of 
Sp-Pdx1 mRNA in the anterior neuroectoderm and apical plate of gastrula and pluteus 
stages.  White arrowheads indicate the localization of Sp-Pdx1 transcripts in the foregut. 
Nuclei are labeled with DAPI (in blue). All images are stacks of merged confocal Z sections. 
abv, aboral view (Figure adapted from Perillo et al. 2018). 
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Figure 5.9. Expression of Sp-Pdx1 in the anterior neuroectoderm, apical plate, and 
apical plate neurons. Dotplot showing the average expression of Sp-Pdx1 in the anterior 
neuroectoderm, apical plate, and neuronal subclustered putative broad cell types.  
 
The expression of Sp-Pdx1 in the pre-neuronal anterior neuroectoderm domain at 
gastrula stage, combined with its expression only in differentiated neurons deriving 
from that region at the pluteus stage, implies that Sp-Pdx1 might be acting in waves 
   P a g e  | 173 
 
similar to what has been described in mammals. In detail, Pdx1 is amongst the first 
genes to be activated in the mammalian primitive gut tube promoting pancreas 
formation, then goes silent, and its expression is turned on during the differentiation 
of the β-endocrine cell lineage (Fujimoto and Polonsky 2009). Supposing that Sp-
Pdx1 functions in a similar way, as its transient expression in pre-neuronal and 
neuronal domains suggests, this would mean that Sp-Pdx1 is necessary first for the 
proper specification of anterior neuroectoderm/apical plate domains and is reutilized 
again later for the differentiation of the neuronal types that arise from them. 
To further investigate such a role, it is essential to identify the terminal differentiation 
genes produced by the Sp-Pdx1 positive neurons and thus their identity. According 
to studies on sea urchin neuropeptides (Rowe and Elphick 2012, Wood et al. 2018), 
the expression domain of the neuropeptide Sp-An resembles the expression pattern 
of the Sp-Pdx1/Sp-Brn1/2/4 double-positive neurons, while it has also been shown 
to be produced by some cells embedded within the apical organ: the serotonergic 
neurons. Indeed, scRNA-seq shows that Sp-Pdx1 is co-expressed with An in both 
neuronal domains (Figure 4.9). In addition to the information that both Sp-Pdx1 
positive and Sp-Pdx1/Sp-Brn1/2/4 double-positive neurons express the 
neuropeptide Sp-An, it was also predicted that the apical plate Sp-Pdx1/Sp-An 
neurons express Sp-Tph, suggesting they can produce the neurotransmitter 
serotonin as it was previously demonstrated through co-localization of Sp-An and 
serotonin in apical plate neurons (Wood et al. 2018). Regarding the Sp-Pdx1/Sp-
Brn1/2/4/Sp-An triple-positive neurons Sp-Th and Sp-Chat, which are involved in 
the biosynthesis of dopamine and acetylcholine, respectively, were among the 
genes predicted to be expressed in this neuronal type. Notably, according to the 
scRNA-seq analysis, both Sp-Pdx1 positive neuronal populations can produce and 
secrete complex and distinct neuromodulator cocktails. 
Performing FISH for Sp-An, Sp-Pdx1, and Sp-Brn1/2/4, confirmed the scRNA-seq 
predictions and showed that Sp-An and Sp-Pdx1 are co-localized both in the apical 
plate and post-oral/lateral neurons, while Sp-Pdx1/Sp-Brn1/2/4/Sp-An triple-positive 
cells corresponded to the post-oral/lateral ganglia neurons (Fig. 5.10).  
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Figure 5.10. Co-localization analysis for Sp-Pdx1, Sp-Brn1/2/4, and Sp-An transcripts. 
Triple FISH showing the expression domains of Sp-Pdx1 (green), Sp-Brn1/2/4 (cyan), and 
Sp-An (magenta). Nuclei are labeled with DAPI (in blue). All images are stacks of merged 
confocal Z sections. AO, apical organ; LLG, left lateral/post-oral neurons; RLG, right 
lateral/post-oral neurons. (Figure adapted from Perillo et al. 2018). 
 
5.6 . Sp-Pdx1 is involved in neuronal differentiation 
After identifying the neuronal characteristics of the Sp-Pdx1 neurons, I set out to 
investigate whether Sp-Pdx1 regulates the expression of the neuromodulators 
expressed by them. To this end, I used the already available differential 
transcriptomic analysis for S. purpuratus Pdx1 morphants (Annunziata and Arnone 
2014) that was performed at the same developmental stage as the scRNA-seq 
datasets (3 dpf). If Sp-Pdx1 regulates the expression of Sp-An and Sp-Tph (thus 
serotonin), both of these genes should be downregulated compared to control 
larvae. Interestingly, according to the differential RNA-sequencing analysis, both 
genes were downregulated. Simultaneously, the absence of Sp-An and serotonin 
was also assessed by repeating the morpholino experiments and testing in vivo the 
localization of Sp-An transcripts and protein and serotonin mediated 
immunofluorescence (Figs. 5.11, 5.12).  In Sp-Pdx1 morphants, the number of Sp-
An positive neurons was significantly reduced at 3 and 7 dpf. For instance, control 
larvae had an average of 3 Sp-An positive apical plate neurons, while Sp-Pdx1 
morphants had either zero or 1 apical plate neurons (Figure 5.11 A, A’, B, B’). 
Similarly, the lateral/post-oral Sp-Pdx1/Sp-Brn1/2/4 positive neurons had fewer Sp-
An positive neurons. Also, in the case of serotonin, Sp-Pdx1 morphants had fewer 
serotonergic neurons compared to control larvae. In detail, control larvae had an 
average of 4 bilaterally symmetric serotonergic cells in the apical organ, while Sp-
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Pdx1 morphants had an average of two (Figure 5.11 C, C’). These results suggest 
that Sp-Pdx1 regulates the expression of neuromodulators in the cells they are co-
expressed. 
 
Figure 5.11. Sp-Pdx1 regulates the production of serotonin and Sp-An. Bar plot 
showing the downregulation of Sp-An and Sp-Tph as revealed by differential RNA 
sequencing analysis of Sp-Pdx1 knockdown larvae. The data can be found in the non-book 
component (Sp-Pdx1 differential RNA-seq). 
 
All the evidence gathered so far in terms of sea urchin neuronal specification implies 
that, by early gastrula stage, all neuronal precursors that will give rise to the nervous 
system of the early pluteus larva have been already specified. Taking into account 
that according to the S. purpuratus developmental bulk transcriptome database, Sp-
Pdx1 starts to be expressed at approximately 40 hpf (Tu et al. 2014), an early role 
in the specification of neuronal identity seems unlikely. Additionally, double FISH of 
Sp-Pdx1 and Sp-SoxC, which is the first transcription factor known to be expressed 
by specified neurons, shows that Sp-SoxC is expressed in neuronal progenitors at 
40 hpf, while Sp-Pdx1 transcripts are absent at this stage and reach a significant 
level of expression at 48 hpf (Fig. 5.13).  These data highlight that by the time Sp-
Pdx1 is turned on, the cells expressing it have already been specified as neurons. 
While neuronal fate is sealed at early gastrula (approximately 27 hpf), terminal 
differentiation genes indicative of a distinct neuronal function are found to be 
expressed from the late gastrula stage (48 hpf) and onwards (Burke et al. 2014, 
Garner et al. 2016, Wei et al. 2016, McClay et al. 2018). Based on this 
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Pdx1 knockdown as indicated in this work, a role of Sp-Pdx1 in neuronal 
differentiation is favored.  
 
 
Figure 5.12. Sp-Pdx1 is necessary for the production of Sp-An and serotonin. Sp-An 
mRNA detected by FISH in control (A) and Pdx1 knockdown (A’) larvae at 3 dpf.  Sp-An 
protein detected by IHC in control (B) and Pdx1 knockdown (B’) larvae at 1 wpf. 
Immunohistochemical detection of serotonin in control (C) and Pdx1 knockdown (C’) larvae 
at 3 wpf. Numbers on the top right corner indicate the number of larvae analyzed and the 
amount of larvae with similar staining patterns. Nuclei are labeled with DAPI (in blue). All 
images are stacks of merged confocal Z sections. abv, aboral view; dv, dorsal view; ov; oral 
view. (Figure adapted from Perillo et al. 2018). 
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Figure 5.13. Sp-Pdx1 positive cells are first specified as neurons. Double FISH of Sp-
Pdx1 and the proneural transcription factor Sp-SoxC in 40 (A) and 48 (B) hpf gastrulae. 
White arrows indicate Sp-Pdx1 co-localization with Sp-SoxC in the foregut, yellow arrows 
show Sp-Pdx1, and Sp-SoxC double-positive ectodermally derived neural precursors. 
Nuclei are labeled with DAPI (in blue). All images are stacks of merged confocal Z sections. 
abv, aboral view. (Figure adapted from Perillo et al. 2018). 
 
5.7 . Sp-Pdx1 as a regulator of neurosecretory fate 
The scRNA-seq and the perturbation analyses presented in this Chapter of the 
thesis have indicated the presence of a pancreatic signature in the nervous system 
of the sea urchin larva.  In particular, the transcription factor, Sp-Pdx1, a master 
gene controlling mammalian pancreas development and differentiation, is essential 
for proper differentiation of endodermal cell types (Cole et al. 2009, Annunziata et 
al. 2014). As revealed by this thesis's results, Sp-Pdx1 is also required for the 
differentiation of distinct neuronal populations. In both cases of serotonergic and Sp-
An positive neurons, knocking down of Sp-Pdx1 impaired their neurosecretory 
ability.  
To further investigate the role of Sp-Pdx1 in the differentiation of the neuronal types 
it is expressed, I focused my attention on characterizing the Sp-Pdx1/Sp-
Brn1/2/4/Sp-An triple-positive at a morphological, molecular, and functional level. 
The reasoning for this choice was based on the co-expression of Sp-Pdx1 and Sp-
Brn1/2/4 in these cells and the essential role of Sp-Pdx1 in regulating the expression 
of the Sp-An neuropeptide. Interestingly, the simultaneous expression of the 
transcription factors Sp-Pdx1 and Sp-Brn1/2/4 that in mammals orchestrate the 
differentiation of β and α cells from endocrine progenitors, respectively (Hussain et 
al. 2002, Wilson et al. 2003, Fujimoto and Polonsky 2009, Zhu et al. 2017), suggests 
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that these neurons could reflect a step in the endocrine cells evolution, in which only 
one multifunctional type of endocrine cells might have been present. For simplicity, 
Sp-Pdx1/Sp-Brn1/2/4/Sp-An triple-positive cells are hereby referred to as PPE 
neurons, which stands for “Pre-Pancreatic Endocrine” neurons, since they express 
genes whose homologs in mammals regulate the differentiation of α and β 
endocrine cells. According to their spatial position PPE neurons are referred to as 
Post Oral Neurons (PON) or Lateral Ganglion Neurons (LGN). PON are in close 
proximity to the post-oral arms of the larva, while LGN are localized on the left and 
right sides of the larva.    
PPE neurons are bilaterally symmetric, with their cell bodies spatially placed 
towards the posterior end of the larva close to the post-oral arms region.  Both IHC 
detection of the Sp-An protein and scanning electron microscopy of sliced larvae 
verified their spatial organization and the presence of axonal projections from these 
neurons towards the apical plate and ciliary band of the larva (Fig. 5.14). Moreover, 
double immunohistochemical staining of the differentiated neurons marker 
Synaptotagmin B and the Sp-An neuropeptide shows that the PPE neurons are in 
the vicinity of the ciliary band projecting axons towards the apical plate and the ciliary 
band itself (Fig. 5.15 A, B, C; see also Fig. 5.7). Double fluorescent in situ 
hybridization of Sp-An and Sp-FbsL_2 as well as double immunostainings for Sp-
An and acetylated tubulin, the former marking the ciliary band the latter labeling cilia, 
highlight the spatial distribution of these neurons relative to the ciliary band (Fig. 
5.15 D, E, F).  FISH for markers labeling the two different ciliary band neuronal 
subtypes as identified by this work, paired with immunostaining for the Sp-An 
protein, showed that not only the PPE neurons are projecting towards ciliary band 
cells but also to ciliary band neurons (Fig. 5.15 G, H, I). For instance, fluorescent in 
situ hybridization of Sp-Prox1, combined with immunostaining for Sp-An, clearly 
demonstrates that the axons projected from the PPE neurons are in contact with the 
cell bodies of the Sp-Prox1 expressing neurons (Fig. 5.15 I). 
The spatial organization of the PPE neurons resembles the domain in which the 
primary mesenchyme cells (PMCs) constituting the postoral skeletal rod are 
localized (Sun and Ettensohn 2014). In addition to the PMCs, globular cells, a 
specialized cell population involved in immune response, are also present in the 
same domain (Ho et al. 2017). To understand whether indeed PPE neurons are 
spatially related to these cell types, double IHC and FISH experiments were carried 
out. IHC staining of the skeletal cells marker Msp130 (Harkey et al. 1992) and the 
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neuropeptide An shows that the An positive neurons, closer to the post-oral arms, 
are close to the ventral-lateral cluster of PMCs (Fig. 5.15 J). Similarly, FISH of Sp-
MacpfA2, which labels the globular cells (Ho et al. 2017), followed by 
immunohistochemical detection of the Sp-An protein, implies that globular cells are 
in contact with the post-oral An positive neurons (Fig. 5.15 K).  
The transcription factors Sp-Nk1 and Sp-Otp, as well as the catecholaminergic and 
cholinergic neuronal markers Sp-Th and Sp-Chat (Slota and McClay 2018), are 
among the genes predicted to be expressed in the PPE neurons, as revealed by the 
subclustering analysis presented in chapter 4. These predictions were verified by 
performing double FISH of Sp-Nk1, the neuropeptide Sp-An, and FISH of Sp-Otp 
paired with the immunostaining for Sp-An (Fig. 5.15 M, N).  
Likewise, double immunostainings of the anti-Sp-An with anti-Th and anti-Chat 
antibodies showed co-localization of all three proteins in the PPE neurons (Fig. 5.15 
L, O).  
 
Figure 5.14. PPE neurons spatial localization in 3 dpf larvae. A) Immunohistochemical 
detection of the Sp-An neuropeptide. B) Scanning electron image of a sliced larva (X1500). 
Dotted lines indicate the shape of the larva, and the dotted circle indicates the mouth region. 
C) Higher magnification (X3000) of the same larva shown in B in which the PPEN neurons 
have been highlighted with pseudocolor (green). Nuclei are labeled with DAPI (in blue). All 
images are stacks of merged confocal Z sections. Arrows indicate axonal projections. M, 
mouth; PPEN, pre pancreatic endocrine neurons. 
Figure 5.15. Molecular characterization of PPE neurons at 3 dpf pluteus larva. A) 
Double FISH of S. purpuratus 3 dpf larvae for Sp-Pdx1 and Sp-An. B) Immunohistochemical 
detection of the Sp-An and Synaptotagmin proteins. C) Close-up caption of the Sp-An PON 
neurons shown in B. D) Double FISH for Sp-FbsL_2 and Sp-An. E) immunohistochemical 
detection of the Sp-An and acetylated tubulin proteins. F) Close-up caption of the Sp-An 
PON neurons shown in E. G) FISH of S. purpuratus 3 dpf larvae for Sp-Chrna9_4 paired 
with IHC detection of Sp-An. H) FISH of S. purpuratus 3 dpf larvae with a specific antisense 
probe for Sp-Prox1 combined with Sp-An immunostaining. I) Close up caption of the Sp-An 
PON neurons shown in H). J) Double immunostaining for the neuropeptide Sp-An and the 
skeletal cells marker Msp130. K) FISH for Sp-MacpfA2 paired with immunohistochemical 
detection of Sp-An. L) Immunohistochemical staining for the neuropeptide Sp-An and the 
enzyme involved in dopamine biosynthesis Sp-Th. M) Double FISH for the transcription 
factor Sp-Nk1 and Sp-An. N) FISH for the transcription factor Sp-Otp combined with 
immunohistochemical detection of Sp-An. O) Immunohistochemical detection of the 
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neuropeptide Sp-An and the enzyme Sp-Chat. Nuclei are labeled with DAPI (in blue). All 
images are stacks of merged confocal Z sections. LGN, lateral ganglion neurons; M, Mouth; 
PON, Post-oral neurons. Note: the term PPE neurons reflects the molecular signature of 
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To further characterize the PPE neurons, I interrogated the scRNA-seq data looking 
for genes known to be involved in pancreatic development, particularly in β cell 
differentiation and function. This analysis identified 20 differentially expressed 
genes in the PPE neurons genes, all having a pivotal role in the formation and proper 
function of the mammalian endocrine pancreas (Fig. 5.16 A). The mammalian 
genetic program controlling the endocrine pancreas differentiation has been 
described in great detail, and many key transcription factors are essential for this 
process (Zaret and Grompe 2008, Tritschler et al. 2017).  
 
Figure 5.16. Molecular fingerprint of PPE neurons. A) Dotplot showing the enrichment 
of sea urchin homologs of vertebrate genes regulating endocrine pancreas formation in the 
PPE neurons. B) Bar plot of selected Sp-Pdx1 target genes in the PPE neurons as revealed 
by differential RNA sequencing analysis of Sp-Pdx1 morphants. The differential RNA-seq 
data come from Annunziata and Arnone 2014 and Lowe et al. 2016)  
 
As previously mentioned, the initial steps of the pancreatic specification program 
include several signaling pathways, including Notch, which displays an important 
role in the determination of whether pancreatic progenitors will remain dormant or 
will differentiate towards a specific endocrine fate. Further steps of the differentiation 
process include the transcriptional activation of Hes/hairy and enhancer of split and 
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Hes1 that repress Ascl1 (Ishibashi et al. 1995, de la Pompa et al. 1997, Iso et al. 
2003). In particular, the transcription factor Pax6 is high in the regulatory hierarchy 
establishing and maintaining the differentiated state of the mature β-cell (Hart et al. 
2013, Mitchell et al. 2017, Buckle et al. 2018). In chordates, the silencing of the 
homeobox transcription factor Hb9 blocks the secretion of insulin, while the loss of 
its mice homolog results in abolishing the pancreatic differentiation program and 
partial agenesis (Li et al. 1999, Arkhipova et al. 2012). On the other hand, the 
transcription factor Mafs has been found to regulate insulin expression by competing 
for similar binding sites as insulin’s activator MafA. Lastly, the transcription factor 
Gbx2 has been reported to be expressed in insulin-producing MIN6 cell lines 
(Mizusawa et al. 2004), in which its role remains unknown.  
According to my analysis, the sea urchin homologs of Notch and the transcription 
factors mentioned above are transcribed in the PPE neurons. This implies that 
specific neurons of a non-chordate deuterostome follow a genetic program similar 
to the one utilized by endocrine pancreas cells and strengthens the hypothesis 
supporting the convergent evolution of β-pancreatic cells by co-optioning of a 
neuronal gene regulatory network by gut cells (Arntfield and van der Kooy 2011).  
Additionally, transcripts for terminal differentiation genes, whose homologs are 
expressed both by the endocrine and nervous systems, were found in PPE neurons. 
Examples of such genes are the neural cell adhesion molecule Ncam known to be 
produced in both endocrine and nervous systems of the rat (Langley et al. 1989), as 
well as genes encoding components of the glutamate signaling pathway (Sp-Glt: 
glutamate synthase; Sp-Vglut1: glutamate transporter; Sp-Glur1: glutamate 
receptor), which in mammals is participating in the regulation of glucose-dependent 
insulin secretion (Gonoi et al. 1994, Maechler and Wollheim 1999).  
Moreover, the single cell transcriptomics and molecular analyses of the PPE 
neurons identified genes involved in the neurotransmitter pathways of dopamine 
and acetylcholine (Sp-Th, Sp-Chat, and Sp-AchE). The importance of their 
transcription in the PPE neurons comes from studies reporting that Th is present in 
the endocrine pancreas of multiple species (Iturriza and Thibault 1993, Teitelman et 
al. 1993), while choline acetyltransferase (Chat) has been found in human 
pancreatic islets. In the case of the produced acetylcholine, a specific role in the 
stimulation of insulin secretion by neighboring β-cells has been proposed 
(Rodriguez-Diaz et al. 2011).  
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Although no genes involved in the biosynthesis of serotonin were found in the PPE 
neurons, one serotonin receptor was found differentially expressed. This is an 
exciting finding since serotonergic signaling is thought to participate in the regulation 
of insulin secretion based on the observation that several serotonin receptors have 
been found to be expressed in human pancreatic islets (Amisten et al. 2015). Thus, 
serotonin may regulate the neuromodulators' secretion in a similar model as 
proposed for insulin release. Moreover, transcripts of the Thyroid hormone receptor 
B were found in the PPE neurons suggesting an interplay of thyroid hormone 
signaling. Interestingly, thyroid hormone signaling promotes endocrine pancreas 
differentiation in mice (Aiello et al. 2014), suggesting that thyroid hormone signaling 
might regulate the differentiation of PPE similarly.  
The primary role of the endocrine pancreas cells is hormonal secretion, triggered by 
changes in extracellular glucose levels. Endocrine pancreas cells are equipped with 
Glucose transporter and co-transporters used to detect such changes (Navale and 
Paranjape 2016, Berger and Zdzieblo 2020). According to the scRNA-seq data, the 
PPE neuronal type contains transcripts for three glucose co-transporters, 
suggesting they have the machinery needed to detect changes in glucose levels 
similarly to endocrine pancreas cells. 
Having an overview of the pancreatic molecular signature active in the PPE 
neurons, I set out to build a provision gene regulatory network that is active in this 
neuronal population and is focused on the role of Sp-Pdx1. To this end, I used the 
genes predicted to be expressed in the PPE neurons by the scRNA-seq analysis as 
a way to filter out the bulk Sp-Pdx1 differential RNA-seq produced at the same 
developmental stage (Annunziata and Arnone, 2014, Lowe et al. 2016). In doing so, 
I found a total of 249 PPE genes, differentially expressed in the Sp-Pdx1 knockdown 
larvae, with 65% of the targets to be downregulated (Fig. 5.16 B). The transcription 
factors Sp-Brn1/2/4 and Sp-Otp, both involved in sea urchin neuronal differentiation 
(Garner et al. 2016, Slota and McClay 2018), were downregulated, suggesting that 
their differentiation is compromised. In agreement with this, genes encoding either 
neuropeptides or enzymes involved in neurotransmitter biosynthesis such as Sp-
An, Sp-Ngfffap, Sp-Th, and Sp-Chat were also downregulated, highlighting a severe 
functional impairment and loss of identity of the PPE neurons.  
Based on this analysis, I drafted a provisional GRN depicting selected gene 
interactions and showing that Sp-Pdx1 is essential for the differentiation of this cell 
   P a g e  | 184 
 
type and thus the acquisition of neurosecretory fate (Fig. 5.17). This GRN 
demonstrates the conserved role of Sp-Pdx1 in promoting cell differentiation and 
establishing the secretory (in this case, neurosecretory) cellular identity. However, 
future studies are needed to verify these gene interactions, the hierarchy, and the 
actual connectivity of the GRN. Nonetheless, this GRN proves that combining 
scRNA-seq with various omics approaches effectively discovers potential gene 
interactions and regulatory wirings. 
 
Figure 5.17. PPE neurons GRN. Provisional GRN operating in the Sp-PPE neurons as 
revealed by the combination of scRNA and differential RNA-seq analysis.  
 
Altogether, the data presented in this section of the thesis show that key genes 
involved in the differentiation and function of the mammalian endocrine pancreas 
can be traced back in the PPE neurons. The presence of these genes, in a neuronal 
population of a non-chordate deuterostome that lacks the pancreas as a distinct 
organ, reinforces the hypothesis that pancreatic cells arose by recycling a pre-
existing neuronal GRN. Furthermore, this program may resemble the one 
recognized in the PPE neurons and was most likely operating in the deuterostome 
ancestor.  
However, what is this GRN used for in sea urchin? Are the PPE neurons also able 
to produce insulin? Based on the role of the mammalian homologs of the pancreatic 
genes found to be present in the PPE neurons, it seems that PPE neurons have the 
necessary machinery to produce insulin. As previously mentioned, no insulin 
transcripts could be traced back to our datasets being in line with the data presented 
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in Perillo and Arnone, 2014, showing that insulin transcripts are localized in the gut 
starting from 10 dpf and onwards. One possible scenario is that these neurons are 
still going through differentiation and will produce insulin later in development, which 
is in line with the late production of insulin in the gut that requires a 10-day 
differentiation window before insulin can be detected in the larval gut (Perillo and 
Arnone 2014). Another hypothesis is that the PPE neurons cannot produce insulin 
and that the machinery regulating insulin’s production and secretion is reused for 
different functions. One of them could be controlling the neurosecretion of different 
hormones and neuromodulators. Based on the data presented in this work showing 
that Sp-Pdx1 is essential for neuronal differentiation and that PPE neurons produce 
multiple neuromodulators (Fig. 5.16 A), the scenario in which this machinery is used 
to promote the differentiation of these neurons and thus their activity and production 
of neuromodulators (Sp-An, Sp-Ngfffap, Dopamine, Acetylcholine) is favored.  
 
5.8 . Investigating the role of the Sp-An neuropeptide 
The overall analysis demonstrates that Sp-Pdx1 has a major role in orchestrating 
neuronal differentiation in the neuronal types in which it is expressed, such as the 
PPE neurons (Figs. 5.16, 5.17) and a population of apical organ serotonergic 
neurons (Fig. 5.12). Notably, a common element expressed in both cell types and 
its production is equally impaired in Sp-Pdx1 morphants is the neuropeptide Sp-An 
(Figs. 5.12, 5.16), suggesting that Sp-Pdx1 is necessary for its production in two 
neuronal types with diverse regulatory landscapes. A way to investigate the 
importance of the Sp-An dependence on Sp-Pdx1 expression in diverse neuronal 
types is to understand the role of the Sp-An neuropeptide. The only report on the 
role and evolution of the Sp-An neuropeptide comes from a study by Rowe and 
Elphick. According to the findings of this study, Sp-An is a 441-residue protein that 
consists of a 27-residue signal peptide and 13 copies of structurally related putative 
neuropeptides containing the N-terminal sequence Ala-Asn (AN).  Interestingly, 
phylogenetic analyses could not indicate any similarities between Sp-An and 
neuropeptides from other phyla, suggesting that it is a neuropeptide specific to the 
echinoderm lineage (Rowe and Elphick 2012, Perillo et al. 2018, Wood et al. 2018, 
Carter et al. 2021). 
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To investigate the function of the Sp-An neuropeptide, I designed a specific Sp-An 
morpholino antisense oligonucleotide (MASO) that was injected into fertilized sea 
urchin eggs. The efficiency and the phenotype were assessed at 3 dpf pluteus larva, 
a stage in which the Sp-Pdx1/Sp-An co-localization and regulation was 
demonstrated (Fig. 5.18). This last section of the thesis contains preliminary results 
of these experiments indicative of the possible role of the Sp-An neuropeptide. 
Immunohistochemical detection of the Sp-An protein in control (Fig. 5.18 B, C) and 
Sp-An morphants (Fig. 5.18 B’, C’) proved the successful silencing of Sp-An since 
no Sp-An mediated fluorescence was detected in the Sp-An MASO injected larvae. 
Moreover, light microscopy imaging of the Sp-An morphants did not show any 
severe morphological defects caused by the Sp-An knockdown in respect to control 
larvae (Fig. 5.18 A), apart from a strange morphology of the larval vertex (Fig. 5.18 
A’). Confocal imaging of immunostained for beta-tubulin control and knocked down 
specimens led to similar conclusions (Fig. 5.18 B, B’). These morphological 
differences in the vertex structure (Fig. 5.18-yellow arrowheads) could be indicative 
of a cross-talk between An positive neurons either with the aboral ectoderm cells or 
the PMCs present regulating skeletal growth. In fact, as shown in Fig. 5.18 B (white 
arrows), neuronal projections containing Sp-An vesicles are found in the aboral 
ectoderm domain of the larva, supporting an An mediated control of 
skeletal/ectodermal growth and thus proper vertex formation. Nonetheless, it seems 
that the expression of the neuropeptide Sp-An is not crucial for morphogenesis and 
embryonic/larval development.  
Next, I set out to investigate whether the knockdown of this neuropeptide affected 
the nervous system organization. Surprisingly, immunohistochemical staining for 
the differentiated neurons marker Synaptotagmin B showed less neuronal 
complexity in the Sp-An morphants in respect to control larvae (Fig. 5.18 C, C’). In 
detail, the number of Synaptotagmin B positive cells was reduced both in the apical 
organ and lateral domains in which An is expressed as well as the ciliary and mouth 
regions. Sp-An knockdown effects on the nervous system formation were also 
assessed by immunohistochemical detection of serotonin and the enzyme tyrosine 
hydroxylase (Th), typically co-produced with An in the apical organ and post-oral 
lateral neurons, respectively. This set of experiments indicated a reduction of 
serotonin positive neurons and complete loss of Th expression in the Sp-An 
morphants. Regarding serotonin, an average of three clustered serotonin positive 
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cells was found in the apical organ of the Sp-An morphants, while the apical organ 
of control larvae consists of 2 bilaterally symmetric pairs of serotonergic neurons. 
Figure 5.18. Morphological and 
molecular characterization of Sp-An 
knockdown larvae. (A-A’) DIC images of 
3 dpf control (A) and Sp-An knockdown 
larvae (A’). (B-B’) Immunohistochemical 
detection of Sp-An (magenta) and beta-
tubulin (green) in control (B) and Sp-An 
morphants (B’). (C-C’) Immuno-
histochemical detection of Sp-An 
(magenta) and Synaptotagmin B (green) in 
control (C) and Sp-An morphants (C’). (D-
D’) Immuno-staining for of serotonin in 
control (D) and Sp-An morphants (D’). (E-
E’) Immunohistochemical detection of Th in 
control (E) and Sp-An morphants(E’).  
Nuclei are labeled with DAPI (in blue). All 
images are stacks of merged confocal Z 
sections. Yellow arrowheads indicate the 
vertex; white arrows indicate axonal 
projection in the aboral ectoderm; numbers 
on the top right corner indicate the number 
of larvae analyzed and the number of 
larvae with similar staining patterns. M, 
Mouth 
 
Although the data described in this last 
section result from experiments 
performed on larvae originating from 
two independent biological replicates 
and thus are preliminary results, 
several points can be made. First, there 
is a clear indication that the Sp-An 
neuropeptide is involved in neuronal 
growth and differentiation due to the 
nervous system impairment caused by 
its knockdown and possibly skeletal 
growth based on the larval vertex 
defects observed in Sp-An morphants. 
Interestingly, a role in promoting neuronal differentiation and growth would be in line 
with the role of neuropeptides in vertebrates, shown to act as neurotrophic factors 
necessary for proper neuronal development (Strand et al. 1991, Gozes and 
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Brenneman 1993, Gozes et al. 1997, Bakos et al. 2016).  Finally, both Sp-Pdx1 and 
Sp-An knockdowns lead to the downregulation of Th in the PPE neurons and a 
reduced number of apical plate serotonergic neurons. This observation implies that 
Sp-Pdx1 induces neuronal differentiation through the neurotrophic effect of the Sp-
An neuropeptide. Nonetheless, future studies addressing the role of An are needed 























In this final chapter, I discuss the methodologies used, the results obtained, and the 
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6.1. ScRNA-seq is able to reconstruct sea urchin cell types. 
The main goal of this project is to unravel the cellular diversity during embryonic and 
larval development of the sea urchin S. purpuratus. To do so, I successfully 
developed and applied a single cell RNA sequencing pipeline that managed to 
reconstruct the cell types of one embryonic and two larval stages.  
The success of this pipeline lies in many aspects that are linked to the use of sea 
urchin embryo/larva as a model system. First and foremost, sea urchins can 
produce billions of synchronized developing embryos, meaning an enormous 
amount of starting material. This starting material can be easily dissociated into 
single cells via a gentle enzyme-free dissociation protocol developed by me and 
colleagues that produces intact single cells in less than 20 min. Another advantage 
comes from using the S. purpuratus species, whose genome, transcriptome, and 
gene annotations are improved continuously.  Last but not least, decades of 
research on S. purpuratus and sea urchin development, in general, led to the 
identification of several complex molecular specification and differentiation 
mechanisms at a gene regulatory level and the generation of one of the most 
detailed gene expression libraries.  
Combining scRNA-seq with in situ hybridization, immunohistochemistry, and 
decades of knowledge regarding cell type molecular signature, I was able to 
successfully identify and map the computationally produced putative broad cell 
types on specific embryonic and larval territories.  Furthermore, these putative broad 
cell types can be sub-divided into multiple subpopulations that can be traced to 
distinct embryonic and larval domains increasing the resolution in cellular 
composition complexity. Moreover, cross-stage integration of an embryonic and a 
larval dataset reveals high transcriptomic conservation of cell types despite 
morphological and physiological differences of the two developmental stages. 
Additional evidence of such conservation comes from the gene regulatory analysis 
performed in this thesis, in which, for instance, the pre-gastrula gene regulatory 
network components are found to be active in the pluteus skeletal cells.  
ScRNA-seq is able to identify complex and dynamic gene expression patterns that 
were previously undetectable by in situ hybridization, as well as novel gene 
expression domains of well-described gene markers that suggest a new function. 
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Nevertheless, the most crucial part in unraveling the physiological mechanisms and 
evolution of a given cell type is deciphering its regulatory identity. The regulatory 
state analysis of the recognized putative cell types in respect to their developmental 
origins of the early pluteus stage shows that there are only a few transcription factors 
that are germ layer-specific, implying that either differentiation depends on a subset 
of rewired transcription factors or that common regulatory mechanisms promote 
differentiation in diverse germ layers. For instance, the gene regulatory module 
guiding the homing of the mesodermally derived small micromeres into the coelomic 
pouch is predicted by the scRNA-seq analysis to be also active in the ectodermally 
derived apical organ region.  
Overall, the information provided by the single cell RNA sequencing data generated 
in this PhD thesis is a tremendous resource for identifying the cell types of a non-
chordate deuterostome and if combined with other omics approaches, such as 
ATAC-seq, scATAC-seq, differential RNA-seq, Chip-seq, can result in drafting novel 
GRNs. 
 
6.2 . ScRNA-seq reveals unprecedented neuronal diversity 
According to the analysis presented in this thesis, scRNA-seq can be used as a tool 
to deeply characterize the components of the sea urchin embryo and larva nervous 
system as well as to identify novel neuronal subtypes.  
The results of the analysis performed in this PhD thesis highlight that different pre-
neuronal and neuronal populations show a high degree of transcriptional similarity, 
despite the already, in some cases, demonstrated distinct developmental origins 
and functions, allowing their grouping in putative broad cell types. This is most 
probably a common feature across the various putative broad cell types of the 
developing sea urchin embryo and larva as indicated by the observation according 
to which multiple putative broad cell types (e.g., immune and skeletal) can be 
subclustered into subtypes that can be traced to different regions of the organism. 
Such subclustering analyses revealed a higher number of neuronal diversity and 
complexity than previously described, which I was able to map to distinct regions of 
the S. purpuratus embryo and larva, always taking advantage of the thorough 
studies carried out in the sea urchin in the past.  Furthermore, single cell RNA 
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sequencing can be used as a tool to address the evolution of the nervous system 
as well as to unravel the functional relationships of the sea urchin larva nervous 
system with its cell type targets. For instance, as shown in this thesis, scRNA-seq 
can provide useful information on the spatial expression of the major components 
involved in neurotransmission pathways and the machinery utilized by sea urchin 
neurons, increasing our understanding of the role and evolution of the nervous 
system. Examples of this are identifying possible cell type targets of the serotonergic 
and dopaminergic signaling pathways and the revelation of the interplay of non-
neuronal types controlling the neurotransmission process. For instance, scRNA-seq 
verified the non-neuronal mediated GABA-ergic singling and revealed a possible 
role of the digestive tract in the inactivation of the acetylcholine mediated signaling 
by selectively expressing the enzyme that breaks it down. Moreover, scRNA-seq, in 
combination with improved gene annotation, reveals the presence of signaling 
systems so far never described and considered to be absent in sea urchins, such 
as the endocannabinoid signaling and its possible involvement both in neuronal and 
non-neuronal communication, as well as the signaling mediated by endogenously 
produced melatonin. 
Although single cell RNA sequencing is an enormous resource for getting a glimpse 
of the regulatory landscape operating within cell types, its real power is revealed 
when combined with other approaches such as traditional molecular biology 
visualization and gene expression perturbation techniques. As a proof of principle 
case study, I used the scRNA-seq derived information on the expression domains 
of two nitric oxide synthase genes producing the unconventional neurotransmitter 
NO to speculate what its role might be. Then, after blocking its production and 
assessing the phenotype, I used the scRNA-seq data to understand the mechanism 
by which NO exhibits its function. This led to identifying its role in larval 
morphogenesis (perturbation analysis) and predicting in which cell types it 
establishes its function through canonical signaling (single cell transcriptomics). 
ScRNA-seq is also able to highlight transcriptional similarities that can be used in 
unraveling the evolution of a cell type. In the case of the sea urchin anterior 
neuroectoderm/apical plate pre-neuronal domains, scRNA-seq verifies the 
presence of a gene regulatory compartmentalization as previously proposed, which 
is in line with the high neuronal diversity that seems to be associated with them as 
revealed by this work. Furthermore, the same analysis shows that the anterior/apical 
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domain of an invertebrate uses a similar gene toolkit to the one guiding the 
specification of the vertebrate anterior neural plate that will give rise to the forebrain, 
supporting the hypothesis that these two regions have a common evolutionary 
history.  
Overall, scRNA-seq is a powerful tool to discover novel neuronal cell types, and the 
tremendous amount of information that derives from the scRNA-seq data 
contributes to the understanding of their function and cross-talk with non-neuronal 
cell types. 
 
6.3 . Distinct sea urchin cell types employ a pancreatic-like gene toolkit 
The emergence of the pancreas as a distinct organ is a feature solely associated 
with the vertebrate lineage. However, several specialized cell types with pancreatic-
like characteristics have been found in various invertebrate taxa, suggesting that the 
functional cell units of vertebrate pancreas predate its evolutionary emergence of a 
distinct organ. Such cell types have been found in the S. purpuratus pluteus larva in 
distinct digestive tract domains. Moreover, based on the many morphological, 
physiological and molecular similarities between neurons and β-cells, it has been 
hypothesized that one of the functional units of the endocrine pancreas (β-cells) 
arose during evolution by co-opting a preexisting neuronal gene regulatory program. 
Based on the above, one of the ultimate goals of this project is to identify at single 
cell resolution which are the cell types of the sea urchin larva that have a pancreatic-
like molecular signature and whether such a signature is found in sea urchin 
neurons.   
The scRNA-seq analysis presented in this work reveals that key genes involved in 
the organogenesis and function of the vertebrate pancreas are enriched in distinct 
larval cell types. In particular, an exocrine pancreas-like molecular signature is found 
restricted to a single putative broad cell type. Simultaneously, genes involved in 
endocrine pancreas formation are expressed in two endodermal cell types, known 
to give rise to insulinergic cells later in development and the nervous system. 
Overall, it is evident that the digestive tract of the 3 dpf S. purpuratus larva contains 
cells utilizing distinct exocrine and endocrine genetic programs. The exocrine 
pancreas-like cells appear fully differentiated as judged by the expression of 
terminal differentiation markers (amylase, lipase, proteinase, carboxypeptidase). In 
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contrast, the endocrine pancreas-like cell types are possibly still differentiating, in 
line with previous reports and based on the absence of insulin transcripts from the 
scRNA-seq datasets (Perillo 2013). 
The endocrine pancreas-like molecular signature found in the nervous system of the 
sea urchin larva contains several shared elements with the endocrine-like cells 
identified in the gut, including the key transcription factors FoxA, Pdx1, NeuroD1, 
Mnx, and Rfx3, being evidence of a possible gene regulatory wiring co-option. 
Further analysis shows that the endocrine-pancreas molecular fingerprint is 
widespread throughout the different neuronal populations, although enriched in 
distinct neuronal types. Furthermore, molecular perturbation analysis of two 
neuronal types expressing the sea urchin homolog of the mammalian transcription 
factor Pdx1, a master gene controlling pancreas and β-endocrine cell formation, 
shows that Sp-Pdx1 is essential for proper differentiation of the neuronal types in 
which it is expressed. Further analysis of an Sp-Pdx1 positive neuronal population, 
in which also the sea urchin homolog (Sp-Brn1/2/4) of the mammalian α-endocrine 
cell-specific marker Brn4 is co-expressed, resulted in the identification of 20 genes 
whose mammalian homologs are involved in the differentiation and function of 
pancreatic β-cells. Moreover, combining the information coming from both scRNA-
seq and differential RNA-seq performed on Sp-Pdx1 morphants, I was able to 
reconstruct a putative GRN wiring the Sp-Pdx1/Sp-Brn1/2/4 neurons. The resulting 
GRN depicts the crucial role of Sp-Pdx1 in acquiring a neurosecretory fate, while 
preliminary results suggest that the production of the Sp-Pdx1 dependent 
neuropeptide Sp-An is also involved in this process, possibly acting as a 
neurotrophic factor.  
Overall, the data produced suggest that specialized neurons with an endocrine 
pancreas-like molecular signature are present in the sea urchin larva and employ 
an Sp-Pdx1 orchestrated genetic program similar to the one used by mammalian 
endocrine cells. Although such a role for Pdx1 has not been revealed by scRNA-
seq studies in other organisms yet, it has been recently shown that the adult oyster 
insulin gene is a likely direct target of Pdx1, in a tissue that transcriptomically seems 
to be pancreas related (Xu et al. 2021).  
The sea urchin Sp-Pdx1/Sp-Brn1/2/4 neurons express a high number of key genes 
that are necessary for the endocrine pancreas differentiation and function in the 
vertebrates. These shared molecular features of Sp-Pdx1/Sp-Brn1/2/4 neurons and 
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pancreatic cells represent features of a cell type present in the deuterostome 
ancestor. What was the role of these cells and what happened in the evolution of 
the descendant lineages? 
One scenario is that the ancestral deuterostomes already possessed a Sp-Pdx1/Sp-
Brn1/2/4 neuronal cell type similar to the one found in today’s sea urchin, and that 
the regulatory program of this cell type was then co-opted into the endodermal 
lineage in the vertebrates. The co-option and incorporation of gene regulatory 
elements to different developmental or morphogenetic context has been postulated 
before and has the potential to give rise to diverse cell types (Martik and McClay, 
2015, Morgulis et al., 2019, Cary et al., 2020). In particular, it has been hypothesized 
that β pancreatic cells arose during evolution by co-option of a preexisting neuronal 
cell type program into the pancreas developmental lineage (Arntfield and van der 
Kooy, 2011, Perillo et al., 2018) based on the many physiological, morphological 
and molecular features endocrine pancreatic cells share with neurons (Alpert et al., 
1988, Eberhard, 2013).  
A second possibility is that both ectodermal neurons and endodermal pancreatic 
cells are direct evolutionary descendants of the same precursor cell (Arendt, 2008). 
This explanation would avoid mean the existence of a direct evolutionary link 
between cell types derived from different germ layers - ectoderm versus endoderm. 
Moreover, a similar link between digestive and neuronal-type expression profiles 
has been reported repeatedly. In the sea anemone Nematostella vectensis, 
pharyngeal cells give rise to both digestive cells and neurons (Steinmetz et al., 
2017), and neuronal cell types and secretory gland cells exhibit related molecular 
profiles (Sebe-Pedros et al., 2018). In fact, based on these findings a close 
evolutionary link between endoderm and ectoderm has been postulated (Steinmetz 
et al., 2017). Finally, motor neurons in the vertebrate ventral neural tube and 
pancreatic islet cells share a specific combination of transcription factors (reviewed 
in Arendt, 2021). Overall both hypotheses are in line with the fact that at least 
subsets of neuron types in animal nervous systems may have originated from cell 
population with both digestive and communicative functions (Arendt et al., 2015; 
Arendt, 2021).  
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6.4 . Future directions  
6.4.1. Single cell transcriptomics 
The single cell libraries constructed for the 2 dpf gastrula and 3 dpf early pluteus 
stages are able to fully reconstruct the cell types present at these two developmental 
stages. This is mainly because of the large number of different biological and 
technical replicates produced. In the case of the 5 dpf pluteus dataset, which is a 
result of the integration of libraries coming from 2 biological replicates, although I 
was able to identify most of the cell types expected to be present, I noticed less 
complexity regarding the endodermally derived cell types when compared to the 3 
dpf dataset. This observation, together with the higher number of cells that constitute 
the 5 dpf larva, suggest that more replicates are needed to fully reconstruct all the 
cell types present at this stage. Moreover, the current data concern only the 
aforementioned developmental time-points. To reconstruct developmental 
trajectories, depicting dynamic gene regulatory mechanisms active during cell type 
specification and differentiation as well as to trace the developmental origins of the 
identified in this thesis neuronal population, more single cell RNA sequencing for 
closely related developmental stages is needed. 
 
6.4.2. In vivo validation of scRNA-seq predictions 
The majority of the topics addressed throughout this PhD thesis are based on gene 
expression pattern predictions deriving from the scRNA-seq analysis and is paired 
with in vivo validation through in situ hybridization and/or immunohistochemistry 
and/or functional experiments. Nonetheless, there are cases such as the previously 
not described in sea urchin endocannabinoid, melatonin, and nitric oxide signalings, 
for which such in vivo validations are still needed before reaching a safe conclusion. 
 
6.4.3. Microinjection of morpholino antisense oligonucleotides 
Perturbation of gene expression is a key step to identify the role of a given gene. 
The role of selected genes was assessed in this work by microinjection of specific 
morpholino antisense oligonucleotides into fertilized sea urchin eggs. The best 
practice for reaching a safe conclusion on the effect of a morpholino and thus the 
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function of a given gene is performing the experiments on embryos/larvae coming 
from at least three different biological replicates. Therefore, the experiments 
concerning the morpholino injections causing the knockdown of Sp-NosA, Sp-NosB, 
Sp-NosA/B (carried out on larvae coming from one biological replicate) Sp-An, 
(performed on larvae originating from two biological replicates) need to be repeated. 
 
6.4.4. Gene regulatory network reconstruction 
The molecular fingerprint revealed by the single cell transcriptomics is an overview 
of the regulatory interactions active in a given cell type. To decipher the hierarchy 
of these gene regulatory interactions leading to the acquisition and maintenance of 
a cell fate, perturbation of gene expression and in vivo validations is crucial. Such 
further analysis is required to fully reconstruct the anterior neuroectoderm/apical 
plate and the PPE neurons gene regulatory networks. Further information on 
whether observed gene interactions are direct or indirect will be provided by 
incorporating information coming from bulk ATAC-seq data generated by the lab in 
which I carried out this project.  
 
6.4.5. Ultrastructural imaging of the whole sea urchin larva and registration of 
gene expression atlas 
Recent technological advancements allow the simultaneous use of electron 
microscopy (EM) and 3D reconstruction to investigate biological structures (Titze 
and Genoud 2016). A combination of this technology with the information obtained 
from the single cell transcriptomics would allow the reconstruction of a 
comprehensive atlas depicting the S. purpuratus cell types both at a 
morphological/ultrastructural and molecular level (gene expression).  
6.5 . Conclusions 
The aims and goals set for this PhD work, indicated in the introduction chapter, have 
been successfully achieved, and the main achievements are listed as follows:  
 Successful development and application of protocols for sea urchin whole 
embryo/larva dissociation and single cell RNA sequencing.  
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 Identification and reconstruction of the S. purpuratus embryonic and larval 
cell types at a single cell resolution. 
 Identification of new gene markers and prediction of novel gene regulatory 
module functions. 
 Discovery of unprecedented neuronal diversity and thorough characterization 
of neuronal signalings. 
 Characterization of two Nitric oxide synthase genes and unraveling a 
possible role of NO mediated signaling in sea urchin. 
 Identification of ANE/apical plate subtypes and of a conserved gene toolkit. 
 Identification of cell types with pancreatic-like molecular signature at a single 
cell resolution. 
 Reporting a role of Sp-Pdx1 in neuronal differentiation and acquisition of 
neurosecretory fate. 
Overall, the data produced for this PhD thesis contribute to expanding our 
understanding of cell type and nervous system evolution and set a solid foundation 
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Non-book component contains detailed results described in Chapters 3, 4, and 5. 
The non-book component has: 
 Scripts used to analyze the single cell data and perform the clustering 
analysis (Sp_2dpf_clustering_analysis, Sp_3dpf_clustering_analysis, 
Sp_5dpf_clustering_analysis, Sp_2_3_dpf_clustering_analysis).  
 Script used to perform the subclustering analysis (Subclustering analysis). 
 Tables containing the marker genes and the total genes expressed per cell 
types across the three developmental time-points analyzed in this thesis 
(Sp_2dpf_all_genes, Sp_2dpf_marker_genes, Sp_3dpf_all_genes, 
Sp_3dpf_marker_genes, Sp_5dpf_all_genes, Sp_5dpf_marker_genes). 
 A table containing the total genes expressed per neuronal population at 3 dpf 
pluteus stage (Sp_3 dpf neuronal subclustering_all genes). 
 Tables that contain the differentially expressed genes as a result of Sp-Pdx1 
knockdown at 3 dpf and the specific targets of Sp-Pdx1 in the PPE neurons 
(Sp-Pdx1 differential RNA-seq, Differentially expressed genes in the PPE 
neurons).  
 A table containing additional gene annotations of all the genes expressed in 
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